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FOREWARC  TO  THE  FIRST  EDITION 

The  developaent  of  ejvteM  of  autoaatie  adJuatMOt  and  control  oonfroste  the 
theorx  and  praetlee  of  autoaatlo  adjuataeat  with  new  and  iaeraaaiaglj  oonplioatad 
protaloaa. 

For  the  laot  8-10  years  In  the  solution  of  these  problena  d-c  electronic 
analog  ooaqputera  of  direct  current  found  wide  appUeatlon.  Ihej  are  uaed  for  eal- 
eulation.  In  the  oarnrlng  out  of  experlaantal  Imreatlgationa  and  c  '.tings,  and  most 
recently  aa  eleuanta  theuaeleea  of  ayat—  of  control  and  adjuataent.  Howeter,  the 
ealue  of  electronic  analog  ocaputera  la  far  ^roai  eodiaiiated  bj  theae  appLieaticna 
alone. 

The  coadtlnation  of  electronic  nodela  with  eleotronie  digital  oonputere,  the 
conatruetlon  of  oonbined  diaerete^contiauotto  ocnpvtera  opena  la  the  teohnology  of 
■odeliag  broad  new  proapeeta. 

Ih  apite  of  all  thia,  la  the  doaeatle  literature  to  the  preeaal  la  eaaence, 
booka  containing  generaliaed  and  ayatenatlaed  qaaetlona  of  theory,  general  prlnei- 
plea  of  oonatmetion  and  nathoda  of  uae  of  d-«  eleetroaie  nodela,  aunnulaljai  expert- 
eooe  aeounulated  in  the  Sesrlet  ttilen  and  abroad,  art  laaklag. 

Tha  purpoae  of  tha  preawt  boak  la  to  fill  tha  exiatlng  w  la  the  literature 
on  the  eonaldered  <iMaiion.  Contonta  of  tha  boak  aro  llnltart  to  the  oonaidemtion 
of  eleetronio  nodola  and  their  nala  deoiaion  elenanta,  and  alao  to  qoeationa  of 


ApplioAtidi  of  aodolt  for  tolutioii  of  problii  of  tho  dyiywico  of  outoKtlo  eontrol 

In  this  tfcoro  if  tokw  tho  Mouaption  that  tho  oporotionol  aapUflor  poooooooo 
idool  froqooMj  rooponooi,  i.o.f  Ito  trtaafor  funotioa  la  tho  opw  ototo  !•  o  ooa- 
■tont  matoor,  oquol  to  tho  oaplifieotioa  foetor.  Thio  Mouaptloo  undo  it  poooiblo 
to  igaoro  ia  thio  book,  latoodod  for  tho  iaitial  foaHiorlMtioa  for  o  wido  eirolo 
of  roodoro  idth  tho  tochnology  of  oloetroaie  aodollag,  with  o  auabor  of  ooopliootod, 
Torjr  laporUat,  iatorootlag,  but  at  tho  oaai  tlJM  otlU  aot  ocaplotolj  dorolopod 
quootioeo. 

Tho  Uaitod  ecotoato  of  tho  book  alao  iapoUod  tho  author  to  oxdudo  froa  ia- 
Tootigaticn  a  mabor  of  qaoatioa%  Mhieh,  in  ro^ard  to  tho  oolutica  of  probloHi  of 
autoaatie  control  aro  not  of  priao  laportaaoo  or  eaa  bo  oolood  with  ffroat  of footioo- 
noao  with  tho  help  of  othor  acaaa  of  eoapotiag  tochaiqao*  Tho  lattor  qnootioao 
inoludo  ia  tho  firot  pLaoo  oolvtioa  olth  tho  holp  of  oloetronio  aodolo  of  aigobraic 
oqoatioao,  partial  difforaztial  oqoatioaa  and  iatofral  oquatiooa* 

Contonta  of  tho  book  aro  oalexilatoa  for  tho  roador,  oho  ia  faalllar  with  qooo 
biona  of  tbooi7  and  practieo  of  autoaatie  adluatanit  and  eontrol,  and  alao  with 
tho  prlaeiploo  of  oloetroaieo. 

Ih  tho  writing  of  this  book  thoro  woro  wood  rooulto  of  tho  doTolopnont  of  a 
oorioo  of  olootvoaic  aodolo  of  typo  EMU*,  obtainort  bj  tho  author  and  hia  eoUabcHra- 
tors  in  tho  lhatitwto  of  Antoaatioa  and  Tolanoehaaico  of  tho  ioadoaf  of  Seioaeoa  of 
tho  USSR,  and  alao  aatorlal  froa  loeturoo  oa  tho  oouroo  "Siaalation  of  aivtono  of 
antoaatio  adjuotaaat, "  pronontod  bj  tho  author  fr«a  1950  to  19$d  for  tho  Kighor 
fingiaoorlag  Courooa  at  Noocow  Highoot  TOchaioal  School,  ia  tho  Ihortituto  of  latraa 
tioB  and  Toloaoehaaico  of  tho  ioadwjj  of  Seiweoo  of  OSSR  for  oeioatific  ooUabeca- 
tora  aad  la  tho  Noocow  PbgrmiootoohBioal  Ihatituto. 
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Rtf  to  tht  liitraiurt  uttd  «rt  glTMi  la  tbt  ttxt  idth  ladieatloa  of  the 

•unitatt  of  the  anthor  and  ordinal  nunbar  of  hia  work  (in  braektia).  Tht  Hat  of 
oittd  Iltaraturt  ahown  at  tht  tod  of  tht  book  la  ooapoatd  In  Bnaaian  alphabttical 
ordtr  b7  atcrnanaa  of  tht  anthora  )• 

I  eonaldtr  It  own  pltaaant  dutj  to  offtr  wj  dttp  fratltoda  to  A*  A*  Ftl'dbaiai, 
!•  Z,  Twjpkia,  !•  N«  Ttitl'batai  and  L«  V.  Yanahanor,  who  tranintd  tht  naanaerlpt  and 
■adt  a  mabtr  of  taluablt  rtnarka,  whieh  wart  eonaidtrtd  in  tht  final  tditing  of  tht 
book,  I  txprtaa  gratitndt  to  V,  A,  Tr^>t8aikofr^  whoat  adrlet  I  oooataatlj  vatd  during 
tht  ttn-ftar  Joint  work  in  tht  fitlda  of  tltetronie  aiaulatlon,  and  to  tht  eoUtetive 
of  ooUaboratora  with  whoa  tbt  author  worktd  at  tbt  Inatitata  of  Autoaotion  and  Ttlto 
aaehanioa. 

Oaring  praparation  of  tht  nanuaerlpt  for  pohlloatioa  grtat  htlp  wot  rtndtrtd  to 
tht  anthor  bj  P,  To,  TYanin,  V.  V.  Ouror,  A*  A*  Ikalor  and  T.  ?•  Rrltnllo,  for  whieh 
tht  anthor  txprtaatt  hit  alnotrt  gratituda. 


Notoow,  AprU  1957. 


Wm  a  folltr  bdbLltgrapiqr  an  ttnaa<1taa  of  alnnlatita  trm  1%7  to  1955  att  tht 
Jooraal  Aetcnatltn  and  Taltnhairtea^  V.  Xfll,  la*  3  aod  1956. 
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POREWARD  TO  THE  SECOND  EDITIGN 

Th«  broad  introduction  of  olaetrocde  analog  co^nitero  (oleotronic  Modeling 
denies)  in  the  practice  of  ecientiflc  inreatigatione  and  technical  derelopMnta, 
apparently  explains  the  fact  that  the  first  edition  of  the  preeent  bock  was  sold 
out  Tory  fast  and  there  appeared  the  naeeasity  for  republieation. 

In  the  second  edition  the  gweral  structure  of  book  is  retained.  The  intro¬ 
duction  was  rewritten;  in  the  first  Section  (Chapter  IV)  there  is  added  a  Sub-^tion 
on  amplifiers  with  parallel  channels  of  amplification.  The  second  Section  is  sui>> 
plansnted  by  two  Chapters  —  XII  and  IIV.  The  first  is  deroted  to  solution  of  pro- 
blens  of  automatic  control  in  oases  of  fractional  rational  transfer  functions,  the 
second  — >  to  awthods  of  inrestigation  of  the  dynamios  of  systssM,  whose  range  of 
change  of  variables  (coordinates)  exceeds  the  dynasdc  range  of  the  analog  installa¬ 
tion.  Corrections  are  introduced  in  the  table  of  installations  produced  in  the  USSR 
and  abroad  (Appendix  n);  photographs  of  obsolete  samples  are  replaced  by  photographs 
of  contemporary  ones.  The  list  of  literature  is  eomplstsd  malnlj  with  nansa  of  books 
on  snalof  eonputing  tochniqus,  issnsd  after  the  first  edition  of  this  book*). 

In  the  second  edition  are  also  eorrectsd  noticed  nisprlnta  sad  iaaeeoraeiss. 


aSes  bibliography  on  questions  of  analog  eoaputing  tsohniqus  frosi  1955  to  19^ 
in  the  journal  Autonation  and  Talsnsohaaisa,  V.  XVIII,  No.  9,  1957;  V.  XU,  No.  5, 
1958;  V.  XX,  No.  U,  12,  1959;  ^  XXI,  Ss.  12,  1960;  V.  XXIII,  No.  2,  3,  1962. 
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ni«  Mthor  ocnsid«rt  it  hit  prlTlltgt  to  txproto  dotp  gimtitadt  to  all  eoaradot  who 
L.dieattd  orrort  in  tho  firti  tditlon. 

Moscow,  May,  1962  B.  Kogtn 
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nmtoDucncM 

Th«  difytloptnt  mocS  wld«  proptfation  of  sjrvtou  of  autcoatlc  adjustaant  and 
oontrol  in  ladnstrx  and  ■iHtary  taehnology  raqoiro  the  solution  of  a  nuaber  of 
problem  oonnaoted  with  qnsstiona  of  rational  Mlection  of  stntetvre  and  el— ante 
of  these  syatens,  evaluating  the  influence  of  separate  paraneters  on  the  nature  of 
traaalent  and  otaady  states. 

!^ors  the  Investlcater  and  designer  there  is  placed  the  probl—  of  glrlng  not 
only  a  qualitatlTS  solution  of  these  probl— a,  tjut  also  to  bring  the  solution  to  a 
msserloal  result.  Bven  for  ooaparatlvelj  sinple  linear  STste—  of  autoaatic  adjust* 
—nt  the  latter  presents  kno—  difficulties  practiealljr  in  all  stages  of  derelopmnt 
(oaspoeltioB  of  the  — the— tieal  deseription,  calculations  of  transi— ts,  experl* 
nental  investigation  of  syst— s)  and  reqiuires  significant  axpendlture  of  ti— •  These 
dlffleolties  Inerease  with  eoapUeaticn  of  the  syst—  of  auto— tic  adjust—nt  (for 
exanple,  in  ease  of  the  —Itloirouit  system),  with  the  presence  in  the  syst—  of 
el— snts  with  nonlinear  '«haraetarlsties  and  vsrlahle  paramtere,  and  also  with  the 
neceaslty  of  talrlng  into  aoeo—t  ocntunoualy  varying  randon  dlsturbancee. 

Sx— plea  of  saeh  eyst— s  of  aotonatio  adjust— ot  are  sjei— s  of  stabilisation 
of  ths  noil—  of  a.u«raft,  lyst— s  of  industrial  adjust mnt,  with  a  eonstant  dslay 
(for  smnpis,  syst— a  of  antonatie  adjust— t  of  thieJaasss  of  rolled  — terlal), 
■jet— s  of  Stttomtio  traoklfig  of  target  by  radar,  wh—  into  ths  error 
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b«ild«t  tha  ttaeful  slcniLLa  alto  Inttrftrtneat,  a7«t«M  of  autonatle  adjoetaent  and 
eontrol  with  aanjr  inttrecmaottd  rogulatad  atcBitudat  (boiltr,  paptr<«iddaK  aachlne, 
eoaplax  powar  inttallaiionj  tio). 

On  the  other  hand,  the  aooeleration  of  proeetaet  In  objeett  of  adjuataent  (in- 
tentlfloation  of  production)  leads  to  increase  of  the  influence  of  aasll  paraaatere 
and  nonlinearity  of  the  regulator  and  object.  In  these  eases  the  syeteae  are  des¬ 
cribed  by  nonlinear  differential  equations  of  a  high  order,  for  whose  solution,  in 
g^aeral,  smlytic  asthods  are  still  not  dereloped,  Vith  the  analogous  position  cme 
also  eoass  into  contact  during  Inrestlgaticn  of  autoaatie  control  and  adjustasnt, 
systsas  which  are  based  on  new  principles  (for  exaaple,  optiaising  control  and  self- 
adjusting  systeas). 

The  use  of  the  asthods  and  SMsns  of  slaultation  at  a  definite  lerel  of  the 
analytic  inyeatigation  of  syst«s  of  autoastie  adjustasnt  allows  one  to  obtain 
solutions  for  the  enuMratsd  problssw,  reducing  thereby  to  a  sdnlaua  the  requirea 
expenditure  of  tiae. 

The  essence  siaulation  consists  of  replaceaent  of  the  whole  control  systen  or 
certain  of  its  elosssnts  with  a  aodel,  in  its  properties  to  greater  or  lesser  extent 
reproducing  properties  of  the  Initial  systea  or  its  separate  parte,  Ihen  in  the 
systea,  containing  the  aodel,  there  appear  procMeee  analogous  to  those  which  take 
place  in  the  real  systea.  These  processes  one  can  observe,  record,  check  for  their 
confaraity  to  the  reeulte  of  theoretioal  analyeie,  replace  the  analytic  calculations 
of  the  transient  with  ite  direct  observation,  test,  and  adjust  the  systen  :^n 
Isborstory  conditions. 

Thus,  siaulation  allows  one  also  to  solve  the  bssic  problsas  of  ixperiantal  in¬ 
vestigation. 

At  present  there  are  distinguished  two  basic  asthods  of  siaolstion: 

X.  Physical  sisalatlcn. 

2.  Itethsaatioal  aiisdatioe. 


-7- 


F))7sie«I  ftlmiXating  is  bMM  on  vtudy  of  ^onomiia  on  aodols  of  the  esae  phTalcal 
Mture  &•  the  oz*lgiziftX«  £?auii|)Iec  ti^sts  of  aircraft  nooeld  in  wind  tunnels,  the 
replacement  of  huge  synchronous  generator  by  a  synchionous  generator  of  smaller 
dimensions. 

Inasmuch  as  the  physical  nature  of  the  process  is  retained,  the  model  reproduce 
whole  coittplex  of  phen<wena,  characterising  the  investigated  process.  In  this  com*- 
plex  enter  or  can  enter,  in  particular,  also  such  aspects  of  tire  phenomena  or  process, 
which  do  not  yield  to  mathonatical  description  and  cannot  be  considered  in  the  equa¬ 
tions  of  the  process.  Therefore,  physical  simulation  permits  one  to  deepen  the  know¬ 
ledge  regarding  the  complex  of  the  occurring  phenomena,  to  refine  and  to  facilitate 
the  matherwitical  description  of  separate  processes.  Methods  of  mat  .smatical  simula¬ 
tion,  which  reproduce  the  investigated  process  only  in  the  fraasss  of  the  given  equa¬ 
tions  are  partly  devoid  of  these  possibilities. 

Physical  simulation  has  been  applied  in  technology  for  a  long  time,  mainly 
in  aero-  and  hydrodynamics  and  in  cor^struction  technology;  it  finds  application  also 
in  many  cases  of  investigations  of  control  systems. 

The  msthod  of  physical  simulation  of  contmi  systems  has  the  following  merits; 

a)  the  properties  of  the  control  qrstem  are  reproduced  more  fully  than  in  mathe¬ 
matical  sinulaxion,  resting  on  an  idealised  maUematical  aescription  of  the 

object ; 

b)  the  regulating  equipsMnt  can  be  joined  to  the  model  without  conversion  de¬ 
vices,  introducing  additional  errors  and  distortion. 

At  the  same  tijos  physical  simulation  has  also  substantial  deficiencies: 

a)  during  investigation  of  each  new  proceea  it  is  necweeary  to  cx*eate  a  new 
model:’ 

b)  variation  of  the  parameters  of  the  simulated  object  usually’  cauaee  labor- 
eoasuning  alterations  of  the  ncdel  or  even  its  replaceasnt; 

e)  mcdsls  of  cosqplicated  objsots  (boilsrs,  variovs  power  plants)  usutdly  are 
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very  expensive, 

Detersinlng  the  piece  oi  i^vysicsl  sifluletion,  one  should  note  that  this  sMrtrhodi 
without  doubt »  Is  less  verseiile  than  the  method  of  aetheniticel  slnulation,  but  in 
a  nuaber  cf  cases  it  turns  out  to  be  very  effective;  for  exsA^le,  for  the  invest i> 
gation  cf  pi^ocesses  of  adjustnsent  and  various  nonnstationary  regimes  in  power  sys¬ 
tems,  separate  units  of  chesdcal  and  aetallurgic  productions,  in  investigation  of 
autcuntion  of  electric  drives,  in  investigation  of  pneunktie  regulators,  ntc. 

The  theory  and  practice  of  physical  sinalstion  is  sufficiently  weLl-dei^elopae* 

# 

in  docostic  and  foreign  works  • 

DUi'ing  the  investigation  of  systems  of  automatic  ccntrol  during  the  last  few 
years  methods  of  mathematical  slmul&ticm  received  wide  appli.cation,  baaed  on  the 
identity  of  differential  equatl<Mie  describing  the  phenomena  the  original  and  the 
model.  They  permit  one  to  accoiqillsh  with  the  help  of  one  devi<t;e  the  solution  of  a 
’s'hole  group  of  problems,  provide  speed  and  ease  cf  cransltion  from  one  problem  to 
another,  the  possibility  of  introduction  of  variable  parameters  and  various  initial 
conditions,  alAJi'*-  oomplece  removal  of  the  influence  of  its  own  parameters  of  the 
model  equlpc»nt  on  accurtxy  of  the  solution,  sijq>llclty  of  introduction  of  various 
kinds  ol  systematic  and  random  disturbances,  possibility  of  simulating  systmw  of 
automatic  control  by  elements, 

Kqually  with  this  with  mathematical  simulation  it  is  possible  cosparacively 
simple  to  change  the  parasisters  of  separate  elements  of  the  Investigated  system  and 
explain  the  irfluence  of  these  changes  on  the  performance  of  the  system  on  the 
whole. 

In  many  cases  it  is  useful  to  combine  installations  of  physical  and  ■athematlcal 
simulation  in  a  single  system,  allowing  Ote  to  combine  the  advsatage  of  both  methods. 

In  mathematical  simulatinn  the  original  is  the  aatiiematleal  description  of  the 


*See  in  Russian  the  works  of  M.  V,  Kirplchev  and  M.  A.  Nikhsysfv  [!]»  N,  P. 
Kostenko  [1],  V,  A.  Venikov  Jl], 
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proG«sa»  and  th«  nathaBatlcal  nodala  thflau«lv«a  can  b«  ccmald'srad  the  devices  realis¬ 
ing  the  given  aathsoatical  relationehips,  i.e«,  ecnputers. 

In  each  coflnputer  the  matheaatical  operations^  assigned  bj  the  initial  equations, 
are  executed  cn  certain  so-oalled  nachine  quantities.  Each  quantitj,  participating 
in  the  initial  relationships,  can  be,  thus,  placed  in  r;onformity  with  one  or  several 
of  the  aachine  quantities. 

Depending  upon  the  method  of  representation  of  the  initial  quantities  in  the 
machine  thex^  are  distinguished  two  classes  of  ecnputers: 

1)  digital  cosqmiters, 

2)  analog  coe^ters. 

In  digital  ecnputers  the  instantaneous  value  of  each  initial  quantity  is  repre¬ 
sented  as  several  machine  quantities,  whose  weight,  or  value,  is  determined  by  their 
spatial  or  temporary  location  (the  position  code  of  the  representation  of  the  ini¬ 
tial  quantity).  In  purely  digital  machines  the  transltlnn  fron  the  initial  quantity 
to  its  representatlixi  is  acconplished  by  quantisation  of  the  first  one  by  level. 
Elementary  mathematical  operations,  executed  on  the  representing  quantities,  are 
limited  here  to  the  addition  coaqsoeitlon  and  shift.  Since  each  mathematical  operation 
requires  a  certain  number  of  additions  of  numbers,  renressnted  in  position  codes, 
then  to  obtain  a  result  always  requires  a  finite  time.  By  force  of  this  the  eelection 
of  the  values  of  initial  continuous  quantities  is  executed  discretely  (with  quanti¬ 
sation  in  ti^^). 

Anlog  computers  are  characterised  by  the  fact  that  to  each  instantaneous  value 
of  the  initial  quantity  is  placed  in  conformity  an  Instantaneoue  value  of  a  aachine 
quantity,  often  differing  in  physical  nature  and  scale  factor. 

Important  is  the  fact  that  f<aoh  elementary  ecmputlng  element  in  the  aachine 
exaeutes  a  atrlotly  defined  edementary  msthematioal  operation  on  machine  quantities. 

To  this  (^ration,  as  rule,  there  corresponds  a  certain  physical  law,  estab¬ 
lishing  required  aathsMtioal  dependmKss  between  the  phyaioal  quantitias  at  the 
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input  Md  output  of  the  ccaputing  olunant.  As  suoh  Isirs  It  !•  postiblo,  tat  oxuRple, 
to  indicate  the  laws  of  On  and  Kirohhoff  for  electric  circalt8f  the  expreaaion  for 
the  Hall  effect,  Loreots  force  and  so  forth. 

The  diYision  accepted  herein  of  co^Niters,  bj  the  wthod  of  representation  of 
quantities,  into  analog  and  digital,  in  distinction  froai  the  geoeralHisage  diYision 
(bj  the  nature  of  signals  oirculating  in  the  asMhine)  into  continuous  and  discrete, 
in  the  opinion  of  the  author,  reflects  better  the  nost  eo(»«tlal  laws  of  the  work  of 
a  conputer. 

Processes  in  cooputers  of  both  classes  can  be  described  bgr  sathenatical  relation¬ 
ships  (although  different),  which  are  analogous  to  the  nathsHstical  relationships  of 
the  initial  problem,  and  In  this  sense  fron  the  aost  general  positions  eosqwters 
can  be  considered  Mans  of  aatheaatical  simulation  and  one  can  preserre  for  electronic 
analog  eo^wtere  their  forMr  nsM "■electronic  eimulatlng  deYicee. 

In  accordance  with  these  deterninations  in  Pig.  1  is  depicted  the  classification 
of  Mans  of  sathenatical  simulation. 

Peculiarities  of  representation  of  initial  quantities  and  construction  of  sepa¬ 
rate  cosputing  Clemente  in  analog  oomputere  to  a  si^iifioant  measure  prsdeteimine 
their  comparatiYelj  hi^  speed  of  work,  siaplioitp  of  progrsMlng  and  settingHip, 
limiting,  on  the  other  hand,  the  dynsalc  range  and  accuraojr  of  the  obtained  result. 

As  compared  with  digital  computers  analog  deYicee  differ  also  taj  lees  Ysreatilitj 
in  the  sense  that  during  transition  from  om  class  of  problsM  to  another  it  is  neces¬ 
sary  not  only  to  change  the  relationship  between  the  number  of  linear  and  ncnl  inear 
computing  elemente,  but  also  to  supplmsont  the  installation  in  principle  with  new 
elements. 

The  limitation  of  accuracy  in  most  cases  is  not  a  substantial  obstacle  to  use 
of  thsM  dsYlees,  since  lyst  ms  of  autOMtic  adjustment,  and  control,  as  a  mis,  ars 
oruds,  in  ths  aenae  of  AndronsY,  rtjnanlo  systams  sbOM  paramstsrs  am  kMma  with 
an  accuracy  not  sooossding  10  to  209(. 


Th«  jlapottibilitj  of  iolTlng  aiqr  problaa  bgr  the  oue  oquliaMmt  ohould  also  not 
b«  eonaidorod  a  aubctantlal  Xlaltatlon  for  analog  toehnologjr,  eonaiderlng  Its  appli¬ 
cation  for  ths  solution  of  problsns  of  ths  djnanics  of  adjustsisnt  and  control.  Thoss 
problsow,  baalcallj  roduoibla  to  tho  olass  of  ordinarx  diffsrontial  aquations,  can 
ba  solvad  with  auocaaa  within  tha  liaita  of  ona,  aufficiantlx  sraat  quant itj  of 
coaputing  alMwnts,  installation  which  r wains  still  eoaparatiyalx  sinpla  and  ra- 
lUbla. 

It  is  iapossible  to  coapara  digital  ccaputars  to  axwU.og  onas.  Both  classas  of 
coaputars  hava  an  indapandant  walua  and  thair  own  sufficlantljr  claarljr  outlinad  ragion 
of  application. 

Putura  prograss  of  analog  tachnologj,  apparantlj,  will  ba  connaetad  with  tha 
panatration  of  digital  aathoda.  For  axaapla,  ona  should  point  out  tho  dawalopaont 
of  ao-callad  digital  nodals,  for  which  saparata  cos^JUtiag  alsamits  axacuta  snthswtti- 
cal  oparations  on  inorwsnts  of  warlablas,  rapraaandtad  in  ona  of  tha  digital  codas, 
and  whara  tha  tranafar  of  rasults  froa  block  to  block  is  carrlad  out  Just  as  in 
analog  coaputars.  During  parallad  carrying  out  of  saparata  arlthastical  oparations 
it  is  poasibla  to  roach  a  conparatiTolj  hi|^  spaad  of  oparaticwi  and  accuracy,  arolding 
tha  nacasaitj  of  labor-consuning  prograssdng  of  tha  problaa.  Tha  skalaton  diagraa 
of  tha  Joining  of  two  blocks  of  such  a  danriea  is  shown  in  fig,  2*. 

Still  graatar  prospaets  ara  prorlaad  by  tha  construction  of  coablnad  analog- 
digital  daaieas,  in  which  to  Ineraasa  accuracy  of  solution  tha  part  of  tha  opara- 
tions,  aainly  nonllnaar  placed  on  digital  daricas  or  in  which  tha  analog  installation 
solYos  tha  problw  sijBuItanaously  with  tha  digital,  idtara  to  tha  analog  installation 
is  antrustad  solution  of  tha  problan  in  Incrwents,  and  to  tha  digital—«a<ricing 
tha  solution,  corrasponding  to  unparturbad  aotion.  Hart  tha  error  of  tha  analog  part 
will  ba  an  arror  of  tha  saocswl  order  of  wallnaao  as  coiqjarad  to  tha  error  of 


*ft.  V.  Diproea  [IJ.  Analofous  principle  of  coBatruotion  of  nachinas  for  into- 
gratlon  of  differential  equations  was  offered  indapeodsntly  fay  hnof .  L.  I.  Gutannakhaa 


-12 


dataradmtioQ  of  tha  unparturbad  aotlon. 


« 


Pig.  2.  Skalatoo  dlagraa  of  alaetronic  stodal  with 
digital  alaaanta.  l-^input  umorj  unit  a  i  2 — 
arithnatical  alaawnt  (addar);  3-~'«utpiit  mmaorj 
unita;  4— tranaad.saian  of  aignal  to  othar  units; 

5*— arithMtieal  alaaaat  (intagrator);  6~>control 
alaoant;  7~Hordar  to  start  calculations;  8 — 
ordar  to  tranaait  tha  raault. 

It  is  natural  that  in  such  coabinad  fTstaao  darices  ccnnacting  tha  analog 
part  ulth  tha  digital  part  aoquira  graat  aignificanea. 

To  tha  analog  cooputar  taehniqua  and  ralatad  diacipllnas  is  derotad  a  graat 
msibar  of  uorks  of  doMstic  and  foraign  seiantists.  Thus,  in  tha  book  bj  I.  S.  Bruk 
tl]  thara  is  a  daserlptioo  of  tha  aaehanieal  intag-^tor  eraatad  undar  his  laadandiip 
and  nathod  of  its  uaa  is  praaantad. 

Regarding  tha  thaonT’  of  tha  work  and  construction  of  tha  aaehanieal  coaputars 
light  is  throwi  upon  tha  aubiaets  in  books  of  M.  I.  Pehal'nikoa  [!},  A*  A.  Birshta^ 
[1],  A.  Sroboda  ri]i  S.  0.  Oobrogtirsicij  fl},  S.  0,  Ckibrogxirsklj  and  V.  K.  Tltor  fl}. 

Orations  of  tha  ganaral  thaorjr  of  aoouracx  of  nachaaical  eoa^Mtars  and  djmsnie 
aecruraej  of  alaotrie  circuits  ara  diaeusaad  in  books  bx  N.  G.  Bnyarich  [1]  and 
M.  L.  Hykfaoaakly  [3}.  tha  book  bx  I.  I,  Bttanan  [1]  thara  is  eonaidarad  a  mabbar: 
of  nathaantioal  aapacta  of  praparation  of  problflaa  for  solution  on  analog  coaputars,  i 
and  also  thara  ara  ^Ibsisi  cartala  ^)praaohaa  to  appraisal  of  tha  aeeuracx  of  solution 
and  thara  is  ocnpoaad  a  sat  of  taat  problana. 

Naohanioal  and  alactrcaw chanioal  oenputara  ia  tha  aobjaet  of  books  tax  B.  I. 
StanlalSTaldx  [!]•  Is.  V.  Noaoaal'taaa  and  A,  R.  Labadaa  [1],  a  ■onograph  bx 
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M.  T«.  Kobrinskiyfl],  a  textbook  bj  N.  G.  Bruyevich  and  B.  G.  Dootoponr  [1]  and 
nanarlos  of  lectoroe  by  G«  N.  Zhdanov  fl,  2]«  thoae  book#  are  touched  alao 
qaestlma  of  eonatructlon  of  eleet.rooie  linear  and  nonlinear  oo^xitini;  elenenta, 

G.  L*  Shnlinan  [1]  in  a  work  devoted  to  the  davelopnaat  of  differaotlatlng  and 
Integrating  devlcea  for  vlbrographa,  firat.  ^atcnatically  expoiavla  the  analyaia  of 
electric  differentiating  and  integrating  circuit  a  and  indieatea  the  expediency  of 
their  uae  for  the  eonatructlon  of  electronic  aaplifiera. 

Theory  and  results  of  the  developnact  of  the  original  electronic  integrator  with 
the  uae  of  a-c  a^alifiera,  woridng  with  artificial  iteration  of  proeesaes,  and  also 
an  electrolntegrator  for  aolutlon  of  partial  differential  equations,  carried  out  on 
electric  nets,  are  praeented  in  books  by  L.  I.  Outennakhcr  [!•  2].  Theories  and 
techniques  of  electronic  analog-conputers  with  iteration  of  proceeaes  are  developed 
alao  in  books  by  R«  Tonovio  [1],  R.  Tenovie  and  V*  larplaB  [1], 

Prinelplaa  of  the  theory  of  alactrlc  and  alactronie  analog  oooputara,  baaldes 
the  aonograph  bylU  la.  Kobrinakiyand  the  amtlonsd  books  by  L.  I.  Outennakhar, 
were  developed  aleo  in  books  by  F.  J.  Hurray  [1]  and  F.  fU  Rayncnd  [1].  In  the 
latter  the  account  is  eondueted  with  refarei»e  to  d*<  linear  alactronie  iatagratora, 
and  a  n»ber  of  theoretical  ecaputations  baaed  on  reaulta,  publiahed  in  the  book  by 
I.  Outenaakher  [2]  aantloned  above.  In  the  book  by  F.  H.  Rayncnd  la  dlaeuaaad 
exparienea  of  the  French  firm  SSA. 

Queaticna  of  aatheaatioal  alaolaticn  are  aoet  ecapletely  ecnaldered  in  the  book 
by  H.  W.  Soroka  [1].  Here  are  the  deeeriptlon  aad  principle  of  work  of  aeehanleal, 
electr raw  ohanical ,  electric  aad  electronic  ccaputing  elawMBta,  devices  for  solution 
of  algebraic  linear  aad  nonlinear  equations,  deeoription  of  a  aaehanloal  iatsfrator 
aad  principles  of  ecnatmeticn  of  alactronie  intagratcra.  Ih  tha  book  ibare  are 
alao  eaqpcandad  tha  prineiplas  of  ocnatruetion  of  nodala  on  tbo  baala  of  analngi as 
aad  davleas,  reproducing  partial  differential  aqaations  aad  Halt#  dlffareaoaa.  Tha 
book  reninda  oaa  in  nany  reapeeta  of  tho  work  of  L.  I.  (Xitaankhor  t2].  FMaelpIoa 
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of  oooBtmeiion  of  Bodctls  on  the  baali  of  analogiea  fron  pMsira  eloaenta  and  the 
application  of  the  theory  of  aiallitude  to  ajjailatloo  are  presented  in  the  book  by 
I.  M.  Tetel'baia  [1]. 

O-o  eleotronie  analog  ocnputera  reoelTod  the  noet  detailed  didoafsion  in  booke 
by  G,  Kom  and  T.  Kdm  [3]*  A*  S.  Jackson  [1]  and  the  four  volinee  by  S.  [Ij. 

Here  ax*e  questions  r<^arding  the  method  of  solution  of  problems,  principles  of  con¬ 
struction  of  separate  cooputing  elemnts  and  descxdption  of  certain  types  of  elec¬ 
tronic  models,  produced  in  the  Uhited  States  of  America.  The  books  of  C.  L.  Johnson 
fl],  G.  Smith  and  R.  Wood  [1],  I.  N.  Warfield  [1],  A.  E.  Rogers  and  T.  W.  Connoly 
[1],  Danloux-Ouswsnils  [1]  are  good  guides  and  training  aids  application  of 
electronic  analog  computers.  Among  training  aids  one  oust  also  mention  the  summary 
of  lectures  by  V.  S.  Tarasov  [1],  derroted  to  linear  cooputing  elements. 

At  the  same  tiies  there  appeared  books  in  which  the  authors  sought  to  embrace 
the  whole  field  of  computer  technique,  both  analog  and  digital.  Among  these  works 
first  of  all  one  should  consider  the  books  by  A.  A.  Fei'dbaum  [5]  and  H.  Pelegrin 
[1].  The  eneyclopedleness  and  extraordinarily  wide  scope  of  questions,  naturally, 
could  not  allow  the  authors  to  allot  sufficient  place  to  questions  of  analog  cam- 
puter  techniqiM. 

Fyobleam  of  nathomatical  simulation  were  also  considered  in  a  nusd>er  of  books, 
devoted  to  the  theozy  and  practice  of  uitomatic  control:  T.  N.  Sokolov  [1],  A.  A. 
Fel*dbau«  [1],  F.  S.  Mixon  fl]. 

Books  of  the  overwhelming  majority  of  foreign  authors  basically  are  devoted  to 
questions  of  te<*hnique  of  analog  computers  and  specifically  their  application  for 
solution  of  ooQCTSte  problems. 

1^ogether  with  the  extensive  litsrature  on  questions  of  techniques  of  analog 
conpotera,  produced  recently  intense  scientific  "id  deeifn  developmmnte  both  of 
machines  as  a  whole,  and  also  their  aeparate  elemente  have  not  stopped.  Ih  the 
United  Staiaa,  Prance,  fiigland,  Tbgomlavla,  Iforwmy,  Belgium  and  especially  In  recent 
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7«4r«  in  Japan  many  firns.  Including  aviation  firoa,  ar«  oecupiad  tdth  the  darelop- 
ment  of  th9se  nachinaa* 

Gferi^^dnal  constructions  of  analog  cooputera  of  Tairloua  type,  built  in  our  countir 
under  the  laaderahip  of  L.  I.  Outanaakher,  !•  7.  ICorol'kor,  7.  A.  Tri^ManikoTr,  A.  A. 
Fal'dbaum,  V.  B,  Ushakonr,  G,  M.  Patrov,  I..  N.  Fitcner,  I.  K.  71ttanbarg,  T.  N.  Sokolov, 
P.  P.  Goraxav,  0.  V.  Kirillov,  L.  V.  Tanahanov,  7.  A.  Kotal'nikov,  Gs  L.  Poliaar, 

A.  V.  Shiahkin  and  crthara,  ware  auecaaafully  uaad  for  the  solution  of  problasBa  of 
autonatic  adjuatnsnt  and  control. 
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SECTION  T 


electrowig  analog  CCMPUTERS  and  TCEIR  iOaffiNTS 


CHAPTEP  I 

MBTOODS  Qt'  MATHQIATICAL  SIHUUTICW 


ffcthaaatlc&l  elnulAtion  In  recent  jeure  is  derelopins  Into  ti«o  beeic  directions: 
construction  of  oodels  bj  direct  analogy  on  the  basis  of  knotm  systeas  of  analogies 
and  construction  of  coaputers  (digital  and  analog). 

In  the  construction  of  aodels  of  the  first  type  there  are  used  systeas  of  analo¬ 
gies  between  phencsMuia  of  a  dix‘fsrent  physical  nature,  for  exasgxle  analogy  be¬ 
tween  mechanical  and  electric  phenoaena,  between  electric  and  acoustic  phenomena, 
between  electric  and  thereal  phenaawTM,  '^Is  allows  one  to  transfer  the  study  of 
phenoBMma  in  the  original  to  the  models  of  a  physical  nature  different  from  the 
original.  Transition  from  one  recicn  of  physical  phenomena  into  another  here  pursues 
the  of  aimplifying  cheepening  manufacture  of  models^  making  method  easier  and 
increaaing  the  accuracy  of  measurement  of  the  desired  quantitiee.  Thus,  for  example, 
the  motion  of  a  mechanical  pendulum  (Fig.  3)  near  the  poaltion  of  equilibrivai  with 
riscoua  friction  under  the  inilu^mcc  of  a  perturbing  influsnoe  F(t)  can  be  described 


by  differential  equation  of  thia  fora 


(11) 


^totloB  of  chargee  in  a  circuit  (Fig.  A)  tilth  lumped  eomstante  (L,  R  and  C), 
to  which  there  is  applied  an  electrcmotlTe  force  (emf)  S(t),  Is  described  snalofoua;.y 
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bj  th«  aquation: 


-f  (0. 


(1.2) 


./'V 


R 


>lq  1 
Jt  ^  C 


>4ier«  q  ia  tha  al.actric  charge. 


3>f  -  - - 

vTmr  Vs7/i.  TmT 

Fig.  3.  Physical 
panduD.un, 


■C^D 

‘  T 
i — vw- — ' 

Fig,  4,  Oe- 
cillatory  cir¬ 
cuit. 


The  idantity  of  differential  equations 
(1,1),  (1.2)  aUoiifs  one  with  the  corres¬ 
ponding  selection  of  cemstants  to  conduct 
the  study  of  icechanical  oscillatlc»t8  on 
an  electric  isodel  and  vice  versa. 

ks^  exaaple  of  the  application  '■£  ana¬ 
logy  for  investigation  of  systems  of  auto- 
aatic  control  is  an  slectrcdynaoic  device*. 
At  the  base  of  the  device  is  an  electro- 
dynamic  analog  (Fig,  5)»  a  system  of  five 
electronagnets  and  five  frames,  located 
in  the  air  gaps  of  the  cores  of  the  elec- 


troisagnsts. 

The  first  four  frames  are  placed  in  radial  gaps  of  the  electrosttgnets;  the  fifth 
frame  is  disposed  in  an  uniform  field,  formed  between  the  plane-parrallel  poles  of 
the  core  of  the  last  electrosnignet.  In  the  abeence  of  current  in  the  frames  of  the 
analog  the  plane  of  the  fifth  frame  Is  perpendicular  to  the  direction  of  the  magnetic 
flux.  Each  frame  has  an  outlet  from  the  center  point.  In  the  inatrumt^nt  there  is  an 
indicator  of  the  angle  of  rotation  of  the  frame  (the  critical  angle  ia  1  45**)  and 
a  limiter  of  current  in  the  frames,  triggered  with  tunilng  of  the  mobile  part  at  the 
critical  angle.  In  the  lower  part  of  the  mobile  system  are  affixed  loads  on  a  rod 


*A  device  of  this  type  for  solution  of  equations  of  the  second  order  was  offered 
by  N,  F.  Minoraky  [l]  (see  also  K.  A.  Ludeke  [1],  [2]),  V.  V,  Soldovnikov  [1] 
applied  It  in  1939  for  Investigation  of  a  system  of  autoomtlc  adjustment  of  a  hydro- 
turbine,  Results  of  later  works  with  an  alsetrodyrmmlc  analog  are  doscrlbod  by 
V.  A.  Karabanov  [1], 
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for  Appllc«.tloR  of  the  required  nonent  of  InertlA. 


V  =  -  v<^(0  —  ih«  tot&l  inasb«r  of  flwx  Iiiik«g«a  (D  —  fnuM  width, 

B  •*»  flux  donsltj  la  gup,  ^  —  tir^m  linigth).  Ip  —  curront  intensity  in 

winding  of  the  loop,  k  —  pr<^rticciftllty  factor,  considering  dimension,  w  —  nunber 
of  turns  of  tbs  loop  windings 
So  CA808,  when  w  is  — rf  1 

Ihiring  notion  of  the  frsne  in  the  rsdi&l  asagnetic  field  in  the  winding  of  the 
frsae  ie  indtssed  an  enf  of  rotation,  which  in  the  yariable  flux  wlH  be  detemlned 
by  the  expressicn 

(1.7) 


For  wall  ^  we  obtain: 


15  —  ~  «i 


d*U) 

tit 


(1.8) 


If  the  resistance  of  the  circuit  of  the  fram  is  equal  to  r  +  R,  then  current 
in  the  frsw  under  the  Influence  of  this  enf  will  be 


/  -  * 


and  the  retarding  nonent  can  be  found  by  the  f onula 


Af 


(Ml 


djitl 

dt 


(1.9) 


For  the  fifth  f raise,  noring  in  a  plane-parallel  field,  the  torque  will  be 

=  (1.10) 

for  small  angles  <9 

The  retarding  moment,  caused  bT  the  interaction  of  currents  frost  the  eesf  of 
the  rotation  of  the  fifth  frame  and  the  mignetic  flux,  can  be  found  from  the 
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roi^tionahlp 


cos  f  -  sin  (0  J  sin  f. 


Top.  S 


for  anftU  aoglee  ¥* 


Wp  J 


.M'”*  •  -- 


(1.11) 


The  general  equation  otf  motion  of  the  analog  for  email  angles  of  rotation  of 
the  mobile  system  Mill  hare  the  form: 


Y»  *» 


tntl 


I 


d? 

ill 


-f 


I 

-r  ■>!«»  -2'  I i  *“’■  "■■  ">'(•  "> 


d<p,  (0 


Depending  en  the  natures  of  change  in  time  of  magnitudee  •!>,(/).  Oji/),  /p.  (/) 
and  /p,(0  the  analog  can  reproduce  different  linear  and  nonlinear  second  order 
equations. 

For  an  exanplSp  let  us  consider  the  solutioDp  by  an  electrodynamic  analog,  of 
a  linear  second  order  differential  equation.  The  circuit  diagram  of  separate 
electrodynamic  Instruments  of  the  analog  fcr  this  case  is  shown  in  Fig.  6. 

By  adjusting  the  analog  we  establish: 


-('i'll,,  -loiisi  ifij --- *P. max  sin  u>/.  =  cP,),. -=  const. 

'PjtO  -('i’,i„  -coii>(.  ^  const. 

.  /,.  -0.  /,  =  const. 


The  second  fraam  serres  to  record  and,  therefore  does  not  participate  in  the 
formation  of  soaents. 

For  selected  values  of  fluxes  and  currents  the  eqiiation  of  the  aw>bile  system 
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will  be 


f  kie\  -t  2.1 

•^TiT  4-  [*I  ^  ;rqfr^  -  i;4  R;  r,  +  /?:  ' 


(1.12) 


r  Akv* 


I 


I 


5  ^ 


Pig.  6.  Oiagrem  for  the  eolution  of 
linear  differential  second  order 
equation  bf  **1  electrodynaalc  ar.aIog. 
1— frane  for  ■eaeuraunt.  of  epeed  of 
the  Bobile  eTsteaii  2— fraoM  for  re~ 
eoKding  resuXtei  3>— fraiM  trjr  creation 
of  danplng  nonent;  4*^loop  for  creation 
of  perturbing  foroea;  5— fraae  for  re¬ 
production  of  Boaents;  6^o-and-retum 
circuit;  7-^ericef  ensuring  constancy 
of  current. 


)id.th  suffloiently  great  R.  and  nail  P  coaqsonent  .  u  ''  ^ 

J  '  >  T* 

regarded  as  oonjared  to  the  renaining  ones  and  then  the  notion  of  the  systeo  will 
be  described  by  a  nonunifom  linear  diffM'ential  second  order  equation.  Initial 
eonditiona  for  angle  are  assi^ied  by  the  Initial  setting  of  the  angle  of  rotation 
of  the  nobile  systen,  the  initial  oonditlons  for  speed  —  by  supplying  a  ctirrert 
pulse  to  one  of  the  windings  of  a  frane,  noving  in  the  radical  gap. 
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Th*  eeosiderwl  •l«etrodjnudLe  in«trtnant  gir—  th«  pMtlbllitj  to  ooIto 


Donlinoor  dlfforentlAl  •qaatlono. 

Another  exuiple  of  olMilAtlon  of  sxsteMi  of  ootcHttic  eootroi  on  the  bools 
of  onoloflos  is  Inrootlgotian  of  bonking  of  o  neutrol  oircroft  idth  the  help  of  o 
d-«  electric  aotor.  The  equotion  of  isoloted  aotion  of  honking  of  on  oxrcroft,  os 


is  knoND  (V«  S.  Vedroe  [1]),  hoo  the  form 


dt  ' 


(1.13) 


where  —  the  angle  of  bonking  (Fig.  7)»  \  —  ongle  of  disploesMaat  of  oilercns. 

If  one  were  the  spcM  of 

flight  -0  eanstont  ond  consider  the  de¬ 
flection  of  the  oircroft  fron  the  equili- 
brltsi  roglM  (the  regioe  in  which  all 

Fig,  7.  Inrestigotion  of 

the  process  of  otobiliso-  poroastero»  ehorooterioing  notion  of  sir- 

tion  of  bonking  of  on  oir~ 

croft.  eroft»  hOTs  steodT-etote  wolnes)^  then  the 


linear  differential  equotion  of  notion  of  honking  will  hoes  the  fom 


/^l.\  Sf  , 


(l.U) 


where  —  the  ocwMit  of  inertis  of  the  oircroft  relotive  to  the  loogitudinol  oxis, 
nosmit  of  high-epeed  resistonee  (deteraines  the  nonent  of  sir  frlo- 
tion),  (*!*/')  —  coefficient,  detemiriing  the  oerrdynoadc  effectiveness  cf  the 
ailerons. 

We  will  use  now  o  d«c  electric  notor  for  dnulatlng  the  isoloted  notion  of 
honking  of  on  oircroft  (Fig.  8.).  The  equation  of  notion  of  o  d>c  electric  notor  in 
the  obsence  of  load  on  the  shaft  and  disregording  losses  in  iron  sad  reaction  of 
the  omoture  will  be 

■■  Mg,.  Aigg  *»/(«.  Ug). 


where  J  —  the  ncnent  of  inertia  of  the  notor. 

-25- 


For  th«  oMe  of  a  linear  nechanioal  characteidatle  of  the  notor,  with  conatant  j 
■acnotle  fliu,  dlen^sarding  inductance  of  the  anaature  circuit,  we  will  obtain: 


=  f.l*/..  and  /,  ^  —  ~r~ 


The  equation  of  the  notor  here  will  be 


i  ~  4_  I-  —  (J 

^  4t  ^  R,  Rt 


f 


or 


,  I  ^ _ f  r 

rf/»  f;  .//  ~  • 


where  ^  is  the  flux  of  excitation,  —  the  angular  relocity  of  rotatlcm 

R  J 

of  the  aotor,  i  — >  the  traimdsaion  ratio  of  the  reductor,  f,  --  -.'ai  •“ 

p 

tine  constant  of  acceleration  of  the  electric  motor,  a  ^  angle  of  rotation  of 


the  potentioaeter. 

Tiie  oonrerted  equation  of  isolated  notion  of  banking  of  an  aircraft  can  be 


written  in  the  fom 

I  .to  I  . 

,U*  '  \  ou,  I  'J,  'V 


(1.15) 


Thus,  if  one  were  to  select  paraneters  of  aotor  in  such  a  Manner  that  these 
equalities  were  sustained 


fp  J,\&^  IpRaJ  '  '0  J, 


*-S. 


then  the  angle  of  rotation  of  the  cursor  of  potei.tiasHiter  F-1  will  depict  the  angle 
of  bank.  Here  the  processes  of  change  of  angl^  of  bank  of  the  aircraft  and  the  angle 
of  rotation  of  the  axis  of  the  potentioMster  will  proceed  in  tljss  equally.  The  gen¬ 
eral  diagrea  of  siaulation  is  presented  la  Fig.  8.  Gbe  of  the  aain  advantagee  of 
this  aethsd  of  siaulation  consists  of  the  fact  that  the  paraaeters  of  the  aodel,  for 


exaaple  the  aonant  of  inertia,  can  be  used  as  equivalents  of  corresponding  para¬ 
aeters  of  the  orifiiial.  Oanng  the  defieieooies  shoolo  be  awitioned,  in  the  firet 
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plM«  00Bp*ratlT«l7  grmt  •rror  of  roprodnetion  of  initial  oqnatloiiif  tineo  friction 
mammA  of  losoas,  ote.,  aro  not  oonsidorod;  tho  poaaibility  of  fprodnetion  on* 
analog  of  onlj  an  oquation  of  tho  oocond  ordor;  tho  diffienltioo  of  combination  of 
aoToral  ouch  analogs;  tho  difficnltioo  of  inrootigation  of  fotMOosos  idth  non- 
soro  initial  conditions,  espooiallj  for  tho  first  and  sooond  dorisatlTo. 


Flg^  8.  Gonoral  diagraa  of  siailation  of 
tho  isolatod  notion  of  bankix^g  of  an  air- 
eraft. 

KETt  (a)  Aodueor;  (b)  Avtonatie  pilot;  (e) 

Coaqputing  point. 

In  aimlation  of  a  sjston  with  aanj  dogroos  of  froodon  to  achiowo  tho  roqulrod 
aecuraej  it  is  noeossary  to  pay  spoelal  attontion  to  accuracy  of  namifacturo  of 
oqulpBont,  or  apply  spoeial  noans  to  combat  tho  hamful  Influonco  of  dry  and  hlgh- 
spood  friction,  cloaroneoo  and  inortial  aassoo.  Tho  last  significantly  raisos  the 
coot  and  eonplicatoo  tho  construction,  siaultanoooaly  loworlng  rol lability  work, 

2.  Mathenatical  Siaulation  by  Vn'***i  ^'ancutors 
Analog  cooiputero,  built  frooi  ooparato  oonputing  oloMots,  aro  baood  on  carTlng 
out  of  oleasntary  nathenatioal  cporations  such  as  addition,  sobtraotion,  sultiplica- 
ticn,  diTlsion,  difforontiation  and  intogration.  fron  nodols,  mdo  on  tho  basis 
of  direct  analogy,  thoy  differ  by  abooneo  of  a  diroot  physical  analogy  botwten  tho 
quantities,  charaotoriaing  the  stodiod  phonananon,  and  qanatitios,  ohta^lnorl  as  tho 
result  of  oarrying-oot  separate  nsthenatioal  operations.  Siieh  an  analogy  does  not 
exist  botwoon  parasntors  of  tho  studied  physical  syston  and  tho  ps rafters  of  tho 
installation. 


-27- 


Lot  U8  cooalder  a  mthod  of  solTlng  llndar  differantlal  aquations  with  constant 
coefficients  by  an  Installation,  built  from  separate  cosqsutlng  eleaonts.  Such  an 
installation  should  have  in  its  conposltlon  ccwputini;  eleaKsnts,  conditionally  desig¬ 
nated  by  the  rectangles  in  Fig,  9a*  For  example  let  us  "set  up"  with  the  help  of 
these  computing  elesisnts  the  above-considered  equation  of  motion  of  aircraft  for 
banking* 


The  equation  can  be  reduced  to  the  form 


- 


(1.16) 


Hero  Rj^  and  B2  are  given  quantities,  and  ?(/)  is  the  sought  dependent 

variable. 

As  follows  from  equation  (1*16),  for  locating  ft)  it  is  necessary  to  sub¬ 
ject  the  siBB  double  integration*  The  unknown  component 

—  can  be  is  fomed  by  Bsans  of  multiplication  of  the  quantity,  received 

after  the  first  integration  and  the  coefficient  —  B  *  This  component  by  feedback 


is  fed  to  the  adder  (Fig.  9b). 

a) 


Fig.  9  Basic  cesqwting 
elements  and  a  dlaipma  of 
their  eannection  for  solu¬ 
tion  of  ths  aquation  of 
motion  of  an  aircraft  for 
banking. 


Application  of  analog  computers  in 
autoos^^l-tr  is  extraordinarily  varied. 

The  basic  problems  solved  by  those 
means  computer  technique,  can  be  boiled 
down  to  the  following: 

i.  Analysis  of  ayriamicn  c!'  systeffi,-} 

of  control  and  adjusuaent. 

Here  the  given  equations  of  an  object 

and  the  system  of  control  are  solved  in  a 

selected  time  scale  on  installations 


(Fig.  lOa)  for  the  purpose  of  explaining  the  meaning  of  the  main  parameters,  ensuring 
the  required  flow  of  the  process,  j^jplication  of  analog  computers  gives  in  this 
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Fig.  10.  Basic  applications  electronic  analog  coatputers  in  autocaation. 


-oc 


CMC  4  th4rp  raduction  of  th«  tiae  requirdfi  to  carry  out  calcuJ.&tions  on  the  first 
stmges  of  projection,  and  also  exceptionAl  graphicnese  of  the  results  obtained, 

2.  £xp«riBent4l  invest?  g* tier,  cf  the  behAvior  of  a  systen  with  control  and 
AdJusUssnt  aqulpaient  in  lal..^riLtf3ry  conditions. 

With  such  sxpsrlJMntikl  InvestigAtlons  equlpaent  of  control  or  sdjustaent  is 
supplsMnted  by  an  analog  conputer,  i^prcducing  in  full  tia?  scale  for  the  given 
equatims  the  behavior  of  that  part  of  tht  systso  of  control  or  adjustment,  whose 
woric  for  one  or  another  reason  cannot  be  reproduced  in  laboratory  corKiitions.* 
Coupling  of  the  analog  computer  './ith  the  control  or  adjustmeiit  -<juipment  in  ,>st 
cases  is  carrisd  out  by  a  special  converter**  'Fi<  ..  's-K 

3.  Solution  of  problems  of  synthesis  of  coi.trol  and  ou  ]u;.;tmrnt  systeses. 

Problems  of  this  type  came  down  to  selecif  jn  by  the  given  spccl^icatliriS  of  the 

structure  of  the  changed  part  of  the  system,  c'  the  reqvdred  form  of  functional 
dependences  and  values  of  the  basic  oarameterf ,,  Ths  final  result  1?  found  usuallv 
by  means  of  multiple  test  solutions  with  r-poraisal  of  them  in  accordance  with  the 
accepted  criterion  of  proxiaity  (Fig,  1C<)  Prcbl«Hne  of  this  t/p-e  very  often  car 
be  reduced  to  locating  the  extrer^js  of  a  certain  functional  (*,  A.  Pel’dbaum  U]), 


! 

I 


Y  tfS 

exp 


Fia,  U,  Fundamental  diagram  of  solution  of 
the  inverse  problem  on  an  electronic  model, 
KEI:  (a)  Automatic  plicft. 


*Msthod  of  aiaalation  with  the  addition  of  sectiotis  oi  the 
fared  by  V,  ¥.  SolodovniJcov,  author’s  certificate  fso.  67093  of 


cont  rol  loop  of- 
Novesttber  10,  i9i,0. 


♦•T^iree-stage  platforms,  eiectro-hydrauilc  conveKers,  etc. 
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4*  Solution  of  probleaa  of  detcmlning  perturbations  or  the  usciTul  sif^nal; 
actini;  on  the  eystana. 

Durin*  solution  of  this  type  of  problea  by  a  giyen  ayste*  of  differential  equa¬ 
tions,  des^ribine  the  dynanlc  systen,  by  yalues  of  Initial  oonditions  and  the  nature 
of  change  of  the  output  coordinate  known  fron  experiaant  is  deteminad  the  yalue  of 
the  perturbation  or  the  useful  signal  at  the  '.aput.  In  Pig.  lOd  is  brought  a  fimc- 
tional  diagram  of  the  solution  of  a  very  staple  oroblen  of  this  type,  based  on  the 
imposition  of  additional  negative  feedback.  This  nsthod  of  aoplicati(m  of  analog 
cooputers  can  be  used  during  asking  of  instnawnte,  autooaticallj  recording  per¬ 
turbations  and  producing  a  control  signal  depending  upon  the  nature  and  quant,  ty  of 
these  nerturbatlons.  The  fundamental  circuit  of  solution  of  the  inveree  problem  for 
the  abov«-conridered  ease  of  stabilisation  of  banking  with  a  real  autcoatic  pilot 
ie  th&m  Fig,  11, 

Besides  these  probleiss^  connoted  o^.sically  with  investigation  of  a  system  of 
control  sad  adjustment,  analog  cooputers  find  application  also  as  slsmants  and  units 
of  cooqplicated  svst:^  of  sutombtion.  More  they  are  used  for: 

%)  calculaticn  cf  the  value  of  a  certain  combined  parameter  of  adjustment 
(efficiency,  power,,  prodxxitivtty,  etc.)  (see  V,  A,  Tlrapeanikov,  P.  Ta.  Kogan  [2]), 

b)  for  workirg  out  optimua  adjuetmwtts  in  the  process  of  work  of  a  dyn&mic  sys¬ 
tem  (D.  P.  Skkman,  I*  Lsfkovich  [11}} 

c)  for  working  out  correcting  signals  bv  carrying  out  edvance  aaalvsis  of  the 
dynamics  of  the  ccntixil  system  (H.  Ziebols,  H.  M,  Rsjmtsr  [1])} 

d)  f£?  creation  of  optimum  in  high  soeed  of  operation  control  systems  by  ap- 
plloation  of  prognostioators  (H,  Chestmrt,  W.  SoUecito,  P.  Thoutman  fl]). 

3.  **sthoda  of  »themmtiC4l  Slmulatioa 

The  claasificatloD  of  methods  and  devices  of  aimuLatioe  la,  in  a  known  mea¬ 
sure,  conditional,  eixkce  often  in  or^e  device  it  la  possible  to  obeerve  the  aDplicatlon 
•imoltmoeously  of  eevwml  different  prlnciplee  of  simulation. 


CcBjbirdng  different  piinciplea  of  raathanat icAl  simulAtion  is  especially  ef¬ 
fective  w^ten  riffiul&tin^  vith  re«l  regulatora,  whooe  s^naitive  eleoents  requi.rc  for 
bringing  into  action  comparatively  great  power.  Application  in  these  cases  of  models , 
fflftde  on  the  basis  of  for  reproduction  of  the  motion  of  the  output  coordinate 

of  the  object  of  adjustment,  lets  one  have  an  input  quantity  of  the  regulator  and 
an  output  quantity  of  the  model  of  th©  object  of  the  same  pliysicsl  nature,  which 
fives  the  possibility  of  directly  joining  the  nKxiel  of  the  object  with  the  regulator. 
As  let  us  consider  the  model  of  the  eystem  of  autcoatic  adjustment  of 

the  speed  cf  a  big  diesel  engine  (see  I.  Ya,  Krlchavekiy  fl]).  This  system  consists 
( f  a  motor,  with  whose  shj^t  there  is  coupled  r.  centrlfxigr  1  speed  regvilator,  acting 
on  the  control  meciianisB!  of  the  rods  of  fuel  pumps  (Fig.  12).  The  simulating  instal¬ 
lation  shoulu  give  the  possibility  to  adjust  and  to  check  new  constructions  of 
speed  regulators  in  order  to  reduce  to  a  mlniaum  the  time  of  their  finishing  on  the 
object. 

Equations,  subject  to  simulaticsi, 
can  be  written  in  th'^  fora 

(1.17) 

•>- alf)?-  (1.18) 

[Ed,  Note.  Subscript  4B  =  motor,] 
where  is  the  time  of  acceleration  of 
the  regulated  motor,  a(rt  —  the  coeffi¬ 
cient  of  self -levelling,  >  —  the  relative 
change  of  the  regulated  parameter,  ’  -• 
the  irelative  •  hange  of  position  of  the  regulating  eleswnt,  '  —  total  delay  jn 
transmlssioa  of  the  regulating  influence  to  the  object.  A/  excess  moment. 

So  that  the  physical  nature  of  the  output  coordinate  of  the  <f>  modc^J  coincides 
with  the  physical  nature  of  the  input  coordinate  of  the  regulator.  It  is  expedient 
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Flg.  12.  Skeleton  diagram  of  a 
system  of  autocnatlc  adjustment 
of  the  speed  of  a  diesel  engine,. 

1 — fngine;  2— centrifugal  regi- 
latur;  3~control  mechanism  of 
rods  of  fuel  pumps ;  4— fuel  pumpa 


to  plAoo  the  reproduet loo  of  eqttAti«»  (1.17)  oa  the  ttodel,  Mede  oo  the  besie  of 
^nelofSieS;  end  reproduee  aquation  (1.16)  i««.ar«te  eoapctlas  clcMnte* 

In  Pig,  13  l6  brought  the  ftn^danoxtal  eirottlt  of  one  of  the  poeeible  emrlante 
of  eueh  «n  inst&lXatioQ.  The  d-s  actor  here  plax*  the  rde  of  the  dyneale  aedel  of 
the  object.  Indeed,  the  equation  of  notice  of  the  aator  azaeture  eiin  be  written 
in  thia  fora 

^  ’  (1.19) 


where  J  is  the  aament  of  inertia  of  the  no<,or.  u  —  is  the  angular  veloeitj, 
the  Boaent,  dereloped  b^  the  motor,  —  the  aooent  of  load,  dM  —  the  excess 
naaent  on  the  amature. 

Thus,  bj  fora  equation  (1.19)  coincides  with  the  equation  of  the  object  (1«17}. 

For  reproducticn  of  equation  (1,18)  there  are  used  separate  computing  eleaeats. 
With  this  aln  the  coordinate  of  the  regulating  unit  ^  is  cociTerted  witli  the  help 
of  a  potentiaaster  into  voltage  ,  This  Toltage  is  passed  throu^  the  block  of 
delaj  and  is  suBsaed  at  the  input  of  an  aaq^Ufier  Mith  a  large  aaplifioalion  factor 
Ky  with  caRq>ane9its,  reproducing  the  tern  characterising  self~leTallLng, 

load  and  excess  sunent  llj^. 

For  a  rery  great  aapliflcatiou  factor  of  the  amplifier  voltage 

Ujjj  will  be  minute.  Disregarding  it  as  compared  with  its  separate  com¬ 
ponents we  will  receive* 

(/  -  t)  +  /  (fJ^)  4  Us,  —  Us  =  0. 


(1.20) 


Separate  coixponents  in  equation  (1.20)  can  be  found  froa  expressions 


t/,.  =  -  I-,/,/?. 

As  is  known,  excess  nosMnt  on  the  araature  of  a  motor  is  proportional  to  the 
change  of  current  of  araature 


Mhore  c  I#  oon»t&nt,  ^  is  th«  flux  of  the  »otor,  /,  — -  the  incrfMwnt  of  ermture 
curreat. 


Fi««  13.  Fundamental  circuit  of  sijBml.  tion  of  the  eye- 
tea  of  autoaatic  edjuetiBent  of  a  speed  of  diesel  engine. 
A  —  d-c  Botori  TT—  tachogeneratori  BF—*  boooter 
generator f  IJP —  centrifugal  regulator;  B3  —  de¬ 
lay  block;  $0 —  functional,  converter;  P-l^  P-2  — 
reducer;  Y  —  aa^jlifier.  2  —  load  aseigner,  M  —  fly¬ 
wheel. 

KEY:  (a)  Net. 


Therefore 


U,.  -  - 


ce 


(1.21) 


We  will  introduce  equations  of  scale  conversions,  connecting  initial  variables 
of  the  probleaw  with  variables  of  the  model: 


“*  “ f' 

I* 


and,  eubetituting  them  in  (1.19)  and  we  receive  aquations  of  the  model,  re¬ 

duced  to  the  Initial  variable: 


J 


"f 


(1.22) 


and 


,34. 


(1.23) 


C«B|iu*lson  of  oacprecsioiM  (1.17)  Md  (1«U)  witit  •qaatioras  (1«22)  «iid  (Xf23) 
obtainod  for  th«  aodol  gLw»  Um  folloidnc  r«lAtit»afei|Mi  b«twMn  poraatfioro^  on- 
turlAg  idosiity  of  th«  indioatod  oqtiLtions: 

«_  M.  cO 

Mothods  of  siaulatlon,  especially  wtoen  eiaalating  with  real  elemnta  of  the 
closed  control  loop,  can  also  be  considered  a  speeial  variety  of  experiMotal  oethods 
of  investi^tion  of  qnBtene  of  aatostttio  control* 

SiiBilation  should  not  be  ooRpared  to  aaalytie  inresti^tion*  Sionlation  is 
impossible  without  analytic  investifation,  since  it  anticipates  certainly  knowledfe 
of  the  systm  of  differential  equations,  describins  the  behavior  of  tho  aUntlated 
control  loop,  and  requires  generalisation  of  a  large  nunbsr  of  particular  eolutioos. 
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CHAPTER  II 


LINEAR  CQHPUTING  ELEMENTS 


1.  C«raitlng  gLaaant»|  Nac«3884r7  for  Solving 
ujwr  Squatlono 


As  is  knoMij  the  theory  of  autoastlc  control  is  aost  fully  dsreloped  for  linear 
systaBS.  Howerer  for  detezwLnatlon  of  the  nature  of  transients  In  a  linear  system 
and  explanation  of  the  Influence  of  senarate  parameters  on  stability  and  quality  of 
processes  it  is  necessary  to  execute  labor-consuming  numerical  calculations  or 
graphic  constructions.  With  increase  of  the  order  of  the  equations,  describing  the 
control  system,  the  labor-consumption  of  the  above-indicated  calculations  continually 
increases.  Therefore  it  is  expedient  after  deriving  initial  differential  equations, 
describing  the  behavior  of  the  system,  to  apply  for  their  solution  simulating  de¬ 
vices.  The  latter  in  this  case  «dll  be  called  as  mathematical  computers. 

Differential  equations  of  stotimi  of  systems  of  autosmtlc  control  can  be  set 
up  on  analog  computers  In  varying  form: 


1,  In  the  form  of  one  equation,  written  for  the  investigated  coordinate,  usuallyf 


the  controlled  variable: 

flu  --  • 

<//" 


"i  1  T 


<//" 


'y 


A  A 

fli"  Jt‘"  ' 


dx 


T  A.,-,  y-  FU). 

at 


(2.1) 


where  aQ,  a^^,...,  a^j  coefficients,  x  —  the  controlled  variable 
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F(t)  thtt  «3ci«rnal  dlituz^btiies. 


2.  In  th«  form  of  a  systam  of  first  order  differential  equations  of  this  type: 


.  i/Xf  ,  V 


(2.2) 


where  a^  are  eoeffioiente,  ocordiatatee  ot  the  qrsteB, 

F  (t)  —  disturbaaees  acting  on  the  eysten. 

1 

3.  In  tiM  fom  of  a  ajetM^  broken  down  into  the  equation  of  the  controlled 
senber 


-t  «i 


rfi* 


4- ...  4  « 


*S*=^ 


rf*)f  .  if*’  'y 


(2.3) 


and  the  equation  of  the  regulator. 

With  a  static  regolator  the  equation  of  the  regulawr  will  be 


I 

4C..,--rF- 


4^  «% 

“  f«?4  f,.|*^4-  f.-j  ^ 


•'  if#* 


with  an  astatic  regulator  <— 


4F 


4  r, 


rf*-V 


-I 


4-  . .  4  f. 


-  ! 


fii 

4t 


^g\i^  e\- 


4t 


fl 


.rf'* 


dt* 


where  7  is  the  controUtid  eariabley  y  —  the  controlling  variable,  F(t  )  —  dis¬ 
turbance  acting  on  the  controlled  —Jaer,  a^,  o^.*****  *b*  ^«***«  ^q*  ^q> 

*  e 

On#  gx«****  S^*****  ^  where  g^  •»  ^-he  static  aapliflcation  fac¬ 

tor  of  the  regulator. 

4.  In  the  form  of  equations  of  dynamic  units.  If^  for  exanple,  there  are  solyed 
equations  of  a  oaM-eirouit  STstoR  of  autonatio  oontrol^  containing  one  oecillatory, 
two  inertial  and  one  integrating  units  (Fig.  14)>  then  equations  of  notion  oan  be 
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writtm  in  the  fom 


X  --  k 


-r  *^’fl 

\/r  ^  •*'' 


-,/r^*‘^‘- 

X,  --  y‘t\  -  -ti. 


(2.4) 


wh«re  X2,  Xj#  x^  *r«  coordinates  of  the  system,  y(t)  —  the  external  mani¬ 
pulated  variable^  T2,  T^,  —  time  constants  of  separate  units,  k^,  k2,  k^,  k^ 

'»•  aopllficatlon  factors  of  separate  units. 

5.  In  the  form  of  the  initial  system  of  differential  equations  of  the  investi¬ 
gated  Physical  object.  As  an  exasiple  we  will  bring  the  linearised  equations  of  the 
system  of  stabilisation  of  course  of  an  aircraft  (V.  S.  Vedrov  [1]}: 


equatlot:i  of  ho  object 


rff 

di* 


mv 


H  =  >  -  ?. 


Af, 

Jf 


equation  of  the  automatic  pilot 


_  rfn  .4/*  .  /,  y.  d'j  T 

^  rfn  ^  *  dl  ^  ^  dt  ^  dfi) 


(2.5) 


(2.6) 


where  'I'  Is  the  angle  of  the  aircraft  heading,  >  —  angle  of  side  slip,  0  —  rudder 

deflection  angle,  Aj^,  A2,  A3,  A^,  A^,  A^  —  constants  of  the  aircraft,  Tp,  n,  i,  T^, 

—  constants  of  automatic  pilot,  N  ,  ~  disturbing  moment  and  disturbing 

force,  and  J  —  moswnt  of  ln«;rtla  of  the  aircraft. 

7 

Whaterer  the  form  of  notation  of  the  differential  equations  of  motion  of  the 


^It  is  assumed  that  the  movement  of  the  course  is  Isolated,  l.e.,  there  is  not 
considered  the  influence  of  the  motion  of  hanking  on  the  course  movesmnt  of  the 
aircraft. 
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their  reproduetioa  «dth  the  help  of  oe^iutlaf  elmute  oen  oe  is  prlaelple 
eerrled  out  either  tgr  iaereoeiag  the  order  cf  the  derieetire,  or  tagr  lowering  the 
order  of  the  derivetire. 


Fig,  14,  Skeleton  diegran  ot  e  one- 
oir^t  tjwtm  of  eotonotie  control. 

In  the  firat  eeee  the  diegrea  of  eet-up  of  eonputing  el— ante  io  eooetrueted 
—  the  principle  of  eueoeasiTe  differentietioa  with  euanetion  (taking  into  account 
aign)  at  the  Input  of  the  first  unit  of  qventitie*  sfter  eac**  differantiaticn.  In 
Fig.  13  is  brou^t  as  an  example  the  functional  diagraa  of  the  8et>up  of  the  linear 
second  order  differential  equation 


4»x 

4t* 


dx 


-y<o. 


(2.7) 


During  eet-up  hF  the  aethod  of  Inoreaelisg  the  order  of  the  derleati're  equation 
(2.7)  ie  adred  for  coordinate  x: 


_L  ^  » 


4x 

"iT 


(2.8) 


Let  ua  aeetaae  that  to  the  integrating  unit  there  are  passed  all  addends  of  the  right 
side  of  equation  (2.8);  then  at  the  output  of  the  unit  we  will  obtain  qiaantitj  x. 
Subjecting  thie  quantity  to  double  differentiation  and  — Itiplylng  the  remit  of 
each  differentiation  with  the  help  of  suit ipli.oat  Ion  unite  by  the  oorreepending 
censtante  ( -  ~  and  —  — we  will  reciere  the  necessary  cof— ants  for  the 
first  Ingstratlng  unit.  In  this  noihod  of  setting<up  a  problan  the  basis  of  the 
deelee  is  ocopoeed  of  dlffsrastiaUng  deoislcn  a]  manta.*  (hiring  sst-up  of  the 

•It  is  neoessary  to  turn  attestUon  to  uapraotioality  of  mob  Bsthod  of  setting* 
up  of  the  probl— ,  siaee  dorli^i  series  diffsresHati—  Intsrfsraases,  always  sx- 
i«tii«  in  ths  inp^  sifsal,  oan  Inorsaso  iiqpersissihly. 


problm  bjr  Xounliif  th«  ord«r  of  th«  dorivatiro  the  Instaliation  Is  constructed 
on  ths  prlnolpls  of  sueessslrs  latsgratlon  with  suBBStlon  of  quantities  after  each 
Integration  at  the  5nput  of  the  integrating  unit*  An  exaaple  of  set-op  of  a  linear 
second  order  differential  equation  bj  lowering  the  order  of  the  deriwatlve  is  shown 
in  Fig*  16*  For  ocopoaition  of  the  functional  diagram  the  equation  giren  for  solu¬ 
tion  is  solwed  for  the  higher  derlTatlTS,  where  all  ccnponents  of  the  right  side, 
besides  independent  variables,  are  introduced  to  the  integrating  unit  by  feedbacks* 


Fig*  15*  Functional  diagram  of  set-up 
of  a  linear  differential  aquation  of 
the  second  order  bj  increasing  the  or¬ 
der  of  the  derivative* 


Fig*  16*  Functional  diagram  of  set-up 
of  a  linear  differential  equation  of 
the  second  order  by  lowering  the  order 
of  the  derivative* 

Ae  can  be  seen  frosi  Fig*  16,  the  baale  of  the  installation  in  this  method  of 
set-up  of  a  pi'oblem  Ic  ecaposed  of  integrating  deciaion  elessscte* 

The  oonaldered  exaaplee  show  that  for  aolution  of  linear  differential  eqaations 
it  ic  neeeaaar7  to  have  the  following  ooaputing  elaaente;  adding  devices,  inte¬ 
grating  devices  and  devloee  for  sultlplioation  and  division  bj  a  constant  (including  I 
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Ibj  A  (toAotlty  1«8A  thin  s«ro).  1b«  wwntAd  ccapatiiif  •IwwtrtA  ar*  oallad  liMAr^ 
•i2M«  thA  ooBiwctloa  bct«fMn  At  thalr  otztpot  tad  lapot  is  Hum  • 

Umar  eoaputlag  alMMots  art  ecnstrooi^d  on  tha  lioat  mrlad  priaclplai.  67 
thalr  ttroctuTA  th«7  oac  h&  di^rldad  into: 

a)  oonpoting  alMNots  of  A|mb  t/pa} 

b)  e(af)otins  alaMOti  with  paraaitrie  ccapanaatiopf 

0)  ooMpoting  alaaentfl  of  olooad  tjpa  (with  nafatlaa  faadbaok). 

2.  yjmr  S<ap»ttljjg  _m,mm9  ot  OsmTm 

Am  an  axMpla  of  a  ooaputing  alwaimt  of  opaa  tjrpa  lot  us  eonaidar  tha  friction 
whaal  intagrator  (Pig.  17). 

ItM  frictional  whoel  intagrator  consiats  of  a  rarolring  disk  JX,  oaoDaetad  bj 
friction  with  whaal  1.  tha  disk  can  nora  ralatiwa  to  tha  idiaal  awing  to  ■oaonant 
of  oarriaga  2  alcmg  guidaa.  If  ona  ware  to  daaignata  tha  radius  of  tha  idiaal  bP  r> 

r 

than  fron  tha  Condition  of  aqiiality  of  linaar  spaad  of  tha  diak  and  whaai  at  point 
a^wa  will  raoaiva: 

(2.9) 


or 


kx 


4t 

4t 


idionea 


(2.10) 


With  a  constant  angular  aaloeltp 


^  It'  *  wa  obtain: 


(2.U) 


thttSf  tha  eonaidarad  nachanloaT  intagrator  oan  asaonta  iatogmtion  aot  onl^  far 
indapandant  wariabla  t.  but  also  for  anj  rariabla,  for  aangala  a  in  aqaatina  (2.10). 


-U.- 


Ln  this  li«8  th«  gr«Ai,  merit  of  the  consiaered  integr*tlj\g  derlce.  Hcnryrar  accurecy 
of  work  of  such  a  machanlcai  coraputing  elMoent  in  taonj  respects  depends  on  accuracy 


of  conetractlon  and  the  aioount  of  load  on 


> 

*  I 


Fig.  17.  Friction  wheel  inte¬ 
grator. 


the  outpjut  shaft. 

Uaualljr  to  decrease  load  on  the  out¬ 
put  shaft  we  use  additional  amplifiers 
of  mcsBents  (I,  S,  Bruk  [1])  or  electi^j- 
mechanlcal  servo  systems  (V.  A.  ^sh  and 
C,  H.  Coldwell  [1]).  Main  deficiencies 
of  mechanical  ccnqTuting  devices  are  their 
cooparatively  low  speed  of  work,  comber- 
soBtaness,  large  labor-conetm^ion  of  manu- 
facturo  (thus,  for  etxasgjle,  grinding  of 
guide  prlsDs,  by  which  the  carriage  is 
transferred  should  be  carried  out  with 


Fig,  18,  Electric  circuit  of  accuracy  up  to  1  micron)  and  consequently, 

susHiation  of  three  voltages, 

high  cost.  In  spite  of  these  deficiencies, 
mechanical  coo^xtting  dovices  still  have  not  lost  the.i.r  value. 

As  another  example  of  a  casqnrting  element  of  open  type  let  us  consider  an 
electric  ciivv^  ‘  ’"igned  for  e\fiBnation  of  three  voltages  (Fig,  18),  Values  of 
currants  flowing  in  the  circuit  ato  determined  from  the  relationships: 


/|  (^1  ~  ^  F,, 

If  —  (fj  -  ^,WI^  ^  IJ- 

F,,. 


where  Y^,  Y^-,,  Yj^2>  ^13  correspond,  ng  values  of  conductance. 


4, 


4 


th«rt 


Slrse*  I 


f 


i 


©r 


3 


I 


(2.13) 


Frm  the  foraulA  it  foUoim  that  the  result  of  sunaticn  will  depend  on  the 
quantity  of  load  a.nci  change  of  the  aunber  of  coaponenta*  With  a  finite  correct 
avanation  will  be  guaranteed  only  if  the  nvaaber  of  coaipanents  and  the  quantity  of 
load  are  constant.  When  — eO,  and  7^  — e  ths  dopendenee  of  the  result  of  subh 
aatlon  on  change  of  the  nuaber  of  ccoipoiients  and  the  quantity  of  load  decreases. 
However,  here  it  la  lapermiaaibly  to  aharply  deereasea  the  absolute  ralue  of  the 
(output  quantity). 


a) 


T 


Pig,  19.  ftiaalTe 
electric  clrcuita 
for  coostruetlaa: 
a)  of  ixitsgrating 
and  b)  differentia 
ting  derieee. 


b) 


r 

•m 

L 


— cz>- 

H 


^aire  electric  clrcuita  ny  alao  be 

used  for  ocnstruotlcn  of  differentiating 

and  Ic'  iTStl..*  -fsrLczz  (0,  L.  Shafrrs- 

fl]).  Here  aa  eleaanta  of  these  clrcuita 

are  Dslscted  ohadc  reaistanosa  and  ca- 

* 

pacitors  (Pig.  19).  Poaalbility  of 
realisation  of  operationa  of  differentia¬ 
tion  and  integration  la  based  on  the  pro¬ 
perty  of  s  capaoitox  to  acexanlate  a  ohax^e 
q  (hiring  applloatlon  to  its  plates  of  s 


•Self -inductors  praotioslly  do  not  find  spplioatlon  as  elaanats  of  saoh  a 
eireuit,  since  creation  of  ladiwtaaoe  v.th  alnate  otade  resistaaoe  pa-eaenta  a 
prohlaai  aignifloaatly  aore  dlffloult  than  oreatlon  of  oapaoitanee  with  alante 
laak. 


-43- 


dl.ffa]r«nca  of  potent  e. 


Irid*»ed, 

The  curr«nt  Ihrovi^  the  capacitor  here. 


le 


can  senre  as  a  »ea«ur«  of  the  deriTative  of  the  difference  of  potentiale  applied  to 
its  plates.  On  the  other  hand,  the  difference  potontiale  on  capacitor  plates, 
cos  nected  in  an  electric  circuit,  is  a  neasure  of  the  Integral  in  tljoe  of  the  cur¬ 
rent  flowing  through  the  capacitor.  These  properties  of  a  capacitor  in  practice  can¬ 
not  be  realised  in  puie  form.  Daring  construction  of  an  integrator  on  the  basis 
of  a  capacitor  accurate  integration  of  the  input  signal  can  b«  received  nnjv  in 
an  idealiaod  circuit  (?!«,  X),  whiSR  the  capacitor  is  fed  from  an  ideal  source  of 

Approximation  tc  conditions  of  ob¬ 
taining  accurate  differentiation  can  be 
obtained  in  the  circuit  of  Fig,  20b  with 
series  coupling  of  the  capacitor  with  con¬ 
trol  coil  of  the  magnetic  amplifier, 
possessing  a  very  low  Impedance, 

It  is  natural  that  dui-ing  use  cf  a 
pswisiTe  electric  circuit  with  R  and  C  the 
result  of  the  executed  operation  of  inte- 
grab JL on  or  differentiation  will  be  obtained  with  distortion.  We  will  estimate  the 
magnitude  of  these  dietortiona  and  their  depetndonce  on  parameters  of  the  circuit. 


w  wu  a  vaa  w  # 


- 


] )  j  -Ta-r-x~7 

I _ -i__r 


or 


y  " : 

'i  <  ■  ««  ^ 

- 'MV 


rig,  usie  principj.o  oi  ot»- 

taining  accurate  l)  integratior 
aivl  2)  differentiation,  UY  — 
magnetic  amplifier,  {’5  —  phased 
rectifier, 

KET:  (a)  current  source. 


*Id«Ll  source  of  curi*ent  is  such  a  source  of  electric  energy,  whilch  creates 
In  circuits  a  given  current  Independently  of  the  resistance  or  the  load. 


Fig.  21.  On  appralaal  of 
tho  magnltuf**  ''f  dis¬ 
tortion*  during  diffsrsn- 
tiation  and  intagration. 


For  this  let  us  consider  a  siore  general 
ease,  where  the  circuit  consists  of  two 
impedances  and  Z^,  and  load  is  impe¬ 
dance  Zh  (Fig.  21).  We  will  find  the  re¬ 
lationship  between  output  and  input  volt¬ 


ages  for  the  considered  circuit.  This  relationship  in  operator  form*  gives  the 


transfer  f\mction  of  the  circuit; 


_  Kirt _ t 

F.(/> 

TTiV) 


(2.15) 


where  Yj^(p)  =  --  and  Y^(p)  “  ^  are  operator  conductances  of  circuit, 

Yjj(p)  =■  ^  —  operator  conductance  of  load.  If  conductance  of  circuit  and 

load  are  selected  so  that  in  the  operational  range  of  frequencies  of  input  signals 


it  i.*;  possible  to  disregard  the  quantity 


r.w-f  F,c> 


as  compared  with  unity**,  then  ejqiresslon  (2.15)  can  be  presented  in  the  form 


(2.16) 


R5S'- 


Let  us  consider  a  particular  case,  where  the  cizruit  consists  of  series  coupling 
of  resisUnce  and  capacitance  C^,  shunted  by  load  resistor  R^.  In  this  case 

F,(g)-i^.  F.CP)  — 

On  the  basis  of  expression  (2.16)  we  obtain  if  in  the  operat-| 

ing  range  of  frequencies  of  input  signals  | 

_  I 


«Here  and  henceforth  are  taken  the  desi^tlon8:'F"*t±/.  is  a  eoegtlex 
variable  e^,.  representations  of  quantities  *•»(*)• 

**As  is  known,  to  obtain  a  frequency  response  for  the  transfer  fVmetion  of  a 
system  one  must  replace  in  the  latter  p  * 


irif  to  ori4l,n.ft..  8,  m  oDtAln 


1  ?-• 


'”hu8j  the  conaidarod  p&sal'S'a  alectrio  clreult  sxacutes  opamtion  of  inteffraiiori .  '”0 

Mitisfy  cot»ii.tion  it  Is  to  the  tls-e  cofstSLnt  of  th®  circuit 

(T^  *  •Jt»d  of  th«  load,  (T^  ■■  Rj,C^)  aa  as  po3Sir;.e. 

Let  US  consider  another  piurtlculej’  c^se,  whAre  the  circuit  consists  of  oApa- 
citor  with  cepecitexice  C  (uvi  rasislAnce  P,^,  stunted  by  IcAd  R,,,  In  this  cese,  If 


in  the  opemiing  mn^e  of  frequencies  cf  input  algrsAig 


1 


(2,19) 


then 


Chenglnc  to  origlmls,  we  oht-ein: 


f 


- 

<i! 


(2.20) 


Expreeeioo  (2,20)  shows  thet  the  coneidered  circuit  executes  the  operetion  of  dif¬ 
ferent  let  ion.  To  coftixi.lon  (2.19)  it  is  neceewtry  to  select  the  tijss  con- 

stAnt  of  the  circuit  Tq  **  R^C  end  relationship  as  eseall  as  possible, 

Froi  analysis  of  conditions  (2.1?) -  (2,19)  it  follows  that  accuracy  of  fulfiliaent 
by  a  paesire  electric  circuit  of  a  gieen  ■athewatic^  operatiori  will  be  higher  the 
less  the  soltage  taken  fro*  the  outp^  of  this  circuit.  We  will  estiaiate  error, 
introduced  by  a  camifiating  eleaent,  aade  in  the  font  of  a  passire  electric  clrcnli. 

Error  of  such  a  coaputing  elewent  let  us  arbitrarily  choose  to  call  the  dlf- 
fsrwncs  between  instantaneous  Talues  of  the  output  quantity  in  real  conditions  and 
during  Ideal  f\ilfilljBent  of  the  glean  aatheHawical  operation  for  the  sane  ralue  of 


-lib- 


th«  ijipirt  qtjftatitj 


Xi 


t  s 


If 


:>i,  t'h*  b»si*  of  prccfKJing  th«  idMLl  of  th«  qviAatlty  1  t-s 


>  (n 

fiiPi 


r 


%  t 


Kjctd  r«Al  T»lae  of  th«  outpurt  quantity 


t 


•4Wl 


r,ip)  i 

y.ip)  •  >«(/>)  ^  , 
ytip) 


(2.i2? 


If  In  the  operating  rang*  of  frequencies  of  Input  signais 

I  i 

I  >!«;-)  .  ' 


then  it  is  possible  approoclBately  to  write: 

I  I  _  ^  ^  ^  "  ^  * 

>  (/-»  •  "  '  My  ) 

y\u-) 

Therefore  vrith  iwcuracy  up  to  sign 


r,  (r»  , 

>,(r>  > itr)  ’ 


(2,23 


rormslrn  <2.23)  is  a  geaeral  ejcpreseion  for  rejsreeentation  of  abeoiuie  error 
of  a  elaa&ent. 

As  an  exaiuple  let  u«  canelder  error,  Iniroquced  by  sucn  a  ccnputlng 
tiurlng  work  In  conditions  of  an  integrator. 

In  thle  case 


1 

""  «.  • 

—•  ( X  ■' 

*  \  - 
/  C., 

CvS. 


for  a  girm  in  the  fom  of  a  fanailen,  aad  aero  initial  ooiiditi<ana,  ohanging 

"►  Jt  * 


■^us,  absolute  erro/.-  duri.ng  »  step  cbJfeAge  ob  the  Inpnit  *u.fn*l  frows  w'.t’'  incr#«»« 
of  the  tlise  of  lntitgr*tiori  &ad  with  decr-sAae  of  the  tt,»8  constant  of  tr»*  ctrrujt.  &nd 
Ismd  resistor. 

UstukllT  «3  the  criterion  of  Accuracy  Is  used  the  qiutntity  of  rslmtive  error,  the 
relstlon  of  abeoltjte  an'or  to  auLxlasuB  or  the  current  ideal  Talue  of  the  outptjt 
quantity.  In  the  first  case  for  ssaxlmai  error  ve  obtain: 


' '  ^  i  T,  t  't!-» 


P 


:  *  P  -  f  t 

^  ^  %  *  ^i-«  '"•I 


Cor»£‘lderttq!t  that 


/ 

/f.Cs 


we  vtil  receive 


mo  ■■  '  • 

^  (I  >  k  ■  * 


In  the  secofSfd  cnae,  considering  that 


,w 


k  ( 


we  obtain: 


asi  i 


(  ■<■  f  «:  .  i*  ) 


r>iu«5  relative  error  grcerji  In  tiae  linsarly  arvi  will  be  less  thAn  the  greater  the 

tiae  constant  of  the  circuit  R  C  .  Presence  of  load  R,_,  decreases  the  ti-ne  constant 

1  3  ^ 

of  the  circuit  and  therefore  Incroasts  ihe  err>cr  of  x^ilfllligent  of  the  ope.-sticsr; 
of  integration.  Hence  it  directly  follows  ttat  union  of  ruch  coapyting  elaie«antr 
together  and  with  other  equlpwmt  leads  to  build-up  of  s-ror  of  each  eieswsnt.  'o 
that  error  does  not  exceed  a  given  vxiuo  for  selected  values  of  tt*s 

constant  and  load,  it  is  necessary  to  lialt  the  total  opor«tir;g  tlss  of  this  integrat¬ 
ing  devies. 

Thus,  for  sxiusple,  wt>en  10  sec,  and  R.  ®  •  i  " 

1  3  p  1  ■» 

-  0.2  aec,  With  a  sinusoidal  variable  inpat  voltage  the  error  in  a  given 
iMitheisaatical  csperatl<m  is  canrren.l«Jtly  expreesjd  in  the  fora  of  the  error  of 
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1 13»'}  of  (Mir.n  * srr'sr  •~*prt34‘.yctl-m 


I »* 


s  #  v  pB  V  «  »  J 


&•«  , 


',}tp:nii  f  *  ■  or^  s  '  o  r 


■j  v-.  i  c,  sroar  -mfi  j  tm  l' ^irmi  Ai^ter  r*!;' '=  M 


r  or  ,jv.>  in  «rprsista«  (2.22).  ^rformin^';  thl*  r ,  w«  find 


W 


. 


■•  u,  < 


A?.  »  ff 


,  A?.. 


/?  fr. 


t 

^«i 

L--.- 


r"'. 

M- 


■i  > 

" . T'"" 


T 

-i 


Prtan  thsee  8X'pr#8etcsn«  it  fcllcwt 

that  *jtplitud«  and  j^ae  «rrcr  >r<,th  a 

flnu*«idal  ▼m.rjfthls  L''.put  ai|pml  d«cr«a«« 

with  incn*ai«  of  tho  frwquenrwj  of  th*  aig- 

nal  and  with  Incr^asw  of  th«  tliaa  caratant 

of  tha  circuit  T,-  -  R  C  .  Irvcraaa®  of  ttne 

1  3 

confftAni  aa  foUowa  fna*  exprcatim  (2.18),  laada  to  dacrwae  of  th#  aaipiit'jda 
of  tha  output  aignal.  This  contradiction  ia  poaaibl#  to  aroid,  if  in  a^rlaa  with 
th«  conaidarod  ymaair#  nntwerk  <»•  wwr#  to  eoftnact  an  al#ctrofdc  aapllfiar  (G,  L. 
Shnlimn  flD  fflg.  22).  Th#  coaevaction  b#tw#tm  output  and  Input  quaatltl##  now  will 

b« 


fig.  22.  !!#«  of  an  alac- 

troclc  amplifier  In  conbl- 
aation  with  a  paealw#  alec- 
trlc  circuit. 


I 


r  {r>  ! 

’  >  l.p> 

i  r> 


If  w«  w#r#  to  »#l#ct  th*  ralationahip  of  paraawter#  a©  that  In  th#  op#r%tlaig  rang# 
of  fr#^u#nciee  '  ‘  .  th«B  w#  will  rwcair#  flnallY- 

,  >  !  r( 

With  th*  h«lp  of  a*plifl#r  h*r#  w«  aucc##d,  with  rafficlantlY  low  rmiu#  of  .  ’ 

*  ’  >  j 

<l#t#mln«d  by  r*siiijr#«w»nta  of  accuracy,  in  obtaining  th*  nac^aaeary  quantity  of  out* 
pat  Tbltag*  and  alaadtanaoualy  In  unloadiog  th*  paaair*  cwtwork. 

considtrad  prlncipla  of  conatraotioD  af  a  ocm^xitlng  alaa.^  of  jpm  iyp*, 
ba»«d  OR  ocMbinatioa  of  a  paraaatria  ayvt«R  wiUi  an  ajapllfiar,  alao  ^a  a  naabar  of 


dafieiaocic* : 


1.  PpociAl  salection  of  parflunetera  of  the  cowprutin^  eleraant  is  necasaAry,  with 

>  ( /  »  , 

which  in  the  operating  range  of  frequancias  this  condition  is  met  >,,/  j 

2.  The  awpltiler  should  possess  a  sufficiently  high  areplification  factor  (of 
tha  order  of  200  or  greater),  where  for  rernoyal  of  error  due  to  variation  of  the 
parameters  of  the  amplifier  the  amplification  factor  of  the  latter  should  be  scaoi* 
Itaod  vdth  a  high  degree  of  accuracy. 

3.  There  is  possible  appearance  of  ''drift*'  of  zero  of  the  amplifier  due  to 
the  charge  of  the  capacitor  of  the  passive  network  at  the  input  by  the  grid  current 
of  the  first  cascade  during  operation  of  the  device  as  an  integrator  or  differentia¬ 
tor. 

4.  Permissible  time  of  work  as  an  integrator  is  comparatively  sniail  ^ue  to 
the  difficulty  of  obtaining  a  large  tLme  constant  for  the  passive  network. 


3,  Linear  Computing  Elements  with  Parametric  Compensation 
Connection  of  passive  electric  circuits  with  electronic  amplifiers  opens  also 
a  number  of  new  possibilities  of  improving  coraputing  elements,  v>ie  of  these  pos¬ 
sibilities  is  compensation  of  error,  introduced  by  the  passive  alsctrie  circuit,  with 
the  help  of  positive  feedback  in  the  amplifier.  The  idea  of  this  principle  of  con¬ 
struction  of  a  computing  element  follcnve  from  analysis  of  the  equation  for  the  pas- 
-iva  electric  circuit.  Indeed,  the  connection  between  the  output  and  input  quai.Mties 
of  tha  circuit  (without  considering  the  load)  can  be  presented  in  the  form 


>i(r) 


>  <r> 


(2.26) 


From  comparison  of  aquaticvs  (2,26)  with  equation  (2,16)  it  follows  that  the 

K  /pH 

tern  ,  determines  error  of  the  circuit.  If  we  could  mutage  to  add  to 

the  input  voltage  a  component,  proportional  to  the  output  voltage,  then,  obviously, 
the  probl^  would  be  solved.  Indeed,  let  the  new  value  of  input  voltage  be 
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Th*n,  subBtituting  in  pLac«  of  e„  in  «uqpraB»ion  (2.26),  'ws  vrlli  r«c«lve: 

•*’  r,i^)  •'  y,(>)  • 


If  on#  were  to  9«l©ot  a  ,  clcs*  to  1 


Fig.  23,  Th«  prtncl|>l#  of 
coBstrustioB  of  A  eoa^tlnfi 
•le«auit  with  pttTMMtrle  co»> 
pt&BfttioQ  of  #r?orfi. 


th«  bAsdi  of 


then  we  will  receiv'??:  ^ 

With  Amplifier  eoesMMrtBKi  tdih  th« 
pAi8iir«  eloetrle  ©ijtetdt*  thi*  14^  oAffi 
AAtily  ba  if  with  ih«  h«li»  of 

posltlTa  f«NKiis!i?':  (Fig,  23)  m  eaupy 
Additica  to  th#  input  nigsel  of  a  AcngxiioAnt 
proportioaftl  to  th«  output  signed.  Indeed, 
for  the  of  Fig,  23  w»  ofatAiss  m 


ip) 


Z<JfL 


t,(^} 


y.ipT 


>tip) 


>»(/►) 


-  f. 


(2,27) 


The  fc^pAtion  of  ejgplifier  i*s 


f 


(2,28) 


7  M/? _  A'  J 

—  17(7)  T  Kfp)  Y%lp)-Ky  YAP)'  ^ 


(2.29) 


If  one  iBBre  to  eeleot  pAruetere  of  ATsten  And  %  in  eoeh  a  wat  thAt  in  the 

operAtlng  reage  of  frequemiee  \y^{h)^  -  A', K, (y\.)|  <g  |K,(y«>i.  that  1»  ie  poe> 

•ible  with  Boffieient  AoiiurAcy  to  write  the  eqiaAtlcn  of  thle  ooBfmtiaf  eleaMit  In 
the  fom 


A  A** 

'•Aft  ^  ''t 


1\(P) 

y*(.p) 


(2.30) 


Thue,  the  ooneldered  aeaputiag  eleaiait  exeeviee  the  eaae  oonrereioa  At  the  pre> 
Anting  AM,  but  without  the  IlnitAticae  plneed  on  the  pAinaetere  of  the  eoBwerte? . 

In  order  to  redoee  to  tor©  the  left  port  of  the  Abowe  nontiooet  inequAlitj,  It 
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i»  noc«B5&r7  to  sdlect  en  aaplificttlon  factor  ox'  th®  ansplifier  equal  to 


A. 


(2.31) 


Irj  particiilar  when  Y,  (p)  -  Y^(p),  =  2. 

This  principle  of  ccaistructioft  of  a  computing  eiJment  is  offered  by  L.  I. 
Gutenmftkher  [1],  It  is  placed  in  sonewhat  modified  form  at  the  basis  of  the  con¬ 
struction  electrointeg’^tors  of  type  iil.I-12  and  ELI-14  (L.  I,  Gutsnmakher,  N.  V. 
Korol’kov,  I*  Ae  Vissonov,  L,  S,  fdabukov;  G.  K.  Kus'mlnok  li]). 

In  those  elactrointagratcrs  tharJcs  to  application  of  multiple  autotaatic  itera¬ 
tion  of  the  solution  cooputing  slausents  turned  out  to  be  possible  to  construct  from 
a-c  amplifiers.  The  fuiidaaental  circuit  of  such  a  computing  eleiaent  Is  shown  in 
Fig,  24,  Along  with  total  extemsd  positive  feedback,  here  there  is  provided  also 
negative  feedback  in  the  aoplifier  to  stabilise  the  a»pllfication  factor. 


Fig.  24.  niagram  of  an  electronic  ampli¬ 
fier  with  parametric  corapensatio  i  of  error 

(EI.I). 

KEY:  (a)  k 

Compared  with  the  case  of  application  of  a  paoeive  network  with  an  amplifier 
this  method  of  const niction  of  ccetputing  element c  has  the  ^vantage  that  it  does  not 


r«quir«  ftn  aBpIlfi«j*  viu}  •  X&rg*  ssplifioation  faoior  and  tpaoial  Mlaotioe  of 
aotors  of  th«  noiiraiie:*  An  ••aMitial  dofleicmox  of  th«  oonaidorod  aothodi  of  oon- 
straotion  cf  a  eeoqpcrting  slaMni  Is  th«  dspssitimeo  of  its  traasfsr  fi»iotion  on  th« 
aaplifioatioa  factor  i^oh  loads  to  th«  noeossity  of  stabilisation  of  tH«  a^>Iifi> 
cation  factor  and  to  sslootlon  for  operation  of  a  lisitsd  band  of  frsqasnclss,  in 
iddeh  the  parassters  of  the  aaidlfisr  do  not  oeoaslon  a  notieaable  inflnones. 
Fnrthensore,  the  condition  of  eoeplete  eosQtmsation  praetioally  is  onaeosptabls, 
slttos  it  2Mn  lead  to  unstabla  operation  of  ths  eosipatini  slsnsnt  eo«n  with  allfht 
rariation  of  paraaetars.  Indaad,  lat  t..e  ooepoting  alsamtt  work  as  an  iatagrator 
irhan  Ix(p)  •  T2(p)  ■  >  and  -  R2,  Yj  ■  Cp,  Thsn  on  the  basis  of  ax- 

prasaion  (2.29)  we  will  hare 


(2.32) 


7o  eatiafy  conditions  of  eonpanaation  ona  anst  ehooaa  an  aaplifioation  factor 


of  tha  aaplifier  •(jmX  to  •"  2^  If  after  aatting  this  aalus  for  ths  aa|dLifieation 
factor  walms  of  raoistaness  and  R^  slightly  ehangs,  tha  condition  of  eonpanaation 
will  be  aiolatad.  Lat  os  asstasa  that  R^  "  1.03  R^*  In  this  oaaa 


r»«»  ~  2 


*n 

ii;cp-o»i  * 


(2.33) 


tha  praaanca  of  4  nagatira  aifn  in  tha  denoninator  of  axprassion  (2.33)  tastl 
flea  to  the  unstabla  ragias  of  tha  oospoting  alanant.  With  a  oonatant  ratio 
change  of  tha  aaplification  factor  oan  lead  to  thaaa  rasutta.  In  connaotion  with 
this  for  obtaining  stable  operation  it  la  naeaaaary  to  depart  fron  oondltiona  of 
ccnplata  ooaqpanaation  (in  tha  considarad  oaaa  taka  Ky  <  2)  and  thereby  knowingly 
allow  qoalitatlTa  and  quantitatiee  diotertlon  of  tha  rosulta  of  tha  aathanatieal 
operation,  axaavtad  by  tha  oonpotlng  alaannt. 

Thia  Bsthod  of  eonstruotion  of  oonpotiitg  slsaants  oan  bs  aenpared  with  tho 
nsthod  known  in  alaotrio  naohinao  of  paranatrio  oonpanaatisn  (esnpoundlng),  whieh 
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onsur«8  the  required  rmehine  regime  only  with  it«  etrictly  coni^ant  peraraetere. 

The  principle  of  parametric  compensation  can  be  used  also  during  construction 
of  electromechanical  integrating  devices.  As  is  known,  for  construction  of  such 
computing  elements  there  can  be  used  following  relationships  for  rotation: 


J 


‘tr 

Jt 


w. 


(2.34) 


where  J  is  the  moftent  of  inertia,  —  the  angular  velocity,  M  —  the  total  moment, 

—  the  angle  of  rotation. 

If  one  were  to  use  the  first  relationship,  then  the  angular  velocity  can  serve 
as  a  measure  of  the  Integral  from  total  moment  M,  which  is  the  input  quantity.  With 
use  of  the  second  relationship  the  angle  of  rotation  v?  will  serve  as  a  measure  of 
the  integral  in  time  cf  the  angular  velocity. 

When  the  input  quantity  is  an  electric  voltage,  it  is  necessary  to  supplement 
the  device  by  a  converting  link,  carrying  out  the  cimverslons  M  *  kU  and  u>  *  k^U. 

Technically  it  is  quite  simple  to  carry  out  the  conversion  M  ®  kU  with  the  help 
of  an  ordinary  d-c  or  a-c  motor*  The  conversion  u>  »  k^U  is  usually  carried  out  with 
the  help  of  a  servo  system.  Influence  of  the  parameters  of  the  servo  system  distorts 
this  eonverslan  and  lowers  accuracy  of  the  executed  raathanatlcal  operation.  In 
this  case  0.  where  D(p)  is  a  ploynosiial,  whose  coefficients  are  deter¬ 

mined  by  the  parameters  of  the  servo  system. 

For  these  reasons  they  prefer  to  build  elect ronb..ianical  integrators  (A.  E. 
Kharybin  [1])  on  the  basis  of  the  relationships  J  j'  -  M  and  M  *  kU. 

Let  us  consider  as  an  example  the  fundamental  circuit  of  construction  of  an 
Integrator  on  the  basis  of  a  d-c  motor  (Fig.  2S}.  Voltage  of  the  input  signal  moves 
through  amplifier  to  clasps  of  the  armature  of  a  d-c  motor  with  independent  exci  tui¬ 
tion.  The  equation  of  motion  of  the  motor  without  considei*lng  the  monent  of  re¬ 
sistance  on  the  shaft  and  the  moamt  of  armature  losses  will  be 


J  Ib  the  total  aoBafiit  of  inortia,  bmiftit  to  th«  shaft  oif  tha  aotor;  M,  — 

—  tha  starting  maaant  of  tha  aotm*,  araatora  Toltafs  of  iha  aotar,  /P.  —  anaa- 

tnra  rasistanoa  of  tha  motor. 


Fig,  2^,  Diagraa  of  an  alactroswnhanleal 
Intagrator  with  paraaetrlo  ooapaasatlea 
of  arror, 

KRT:  (a)  Motor;  (b)  Taehoganaratort 
If  tha  tachoganarator  Is  dlaecnnaetad,  than  —  and  than 


J 


(2.35) 


Bquatlon  (2.35)  Indioataa  that  aeealaration,  davalopad  by  tha  notor,  dapands 
not  only  an  tha  input  signal,  but  also  on  tha  spaad  of  rotation  of  tha  notor  shaft. 
If  to  tha  input  signal  ana  adds  a  eoagxjnant,  proportional  t.#  tha  output  signal 
(in  tha  giran  oasa,  angular  raloeity  w  ),  than,  as  In  tha  pracading  easa,  it  is 
possible  to  coaq»ansata  arror,  introduced  by  tha  aatl>alactroaotiya  foxoa.  Indeed, 
if  eoltage  of  tha  tachosnohine  is  added  to  the  input  roltage,  then 


(2.36) 


By  Joint  solution  of  equation  (2.36)  and  the  equation  of  notion  of  the  notor 
(2,35)  aa  will  reoeira: 


J 


dt 


•1 


If  select  pounnsters  of  the  aystan  and  a  sc  that  tha  aaepressian  in  paran- 
thesas  tarns  into  sero,  then  tha  oonsiderad  alectroneehani. oal  derlaa  will  ideally 
axsoute  tha  operation  of  intagration? 


whance 


I 


0 


(2.37) 


Tha  rwiuiJNjd  value  of  Ky  hare  can  be  found  from  the  expression 


,  !■ 


(2.38) 


26.  Use  of  an  asyn« 
chj^ous  tNo-phase  Motor 
for  construction  of  an 
alaetroQschanlcal  lnta« 
grator* 


It  Is  obTlous  that  by  considerations 
of  stability  one  nsust  not  approach  condi¬ 
tions  of  coKplote  canpansatior.  too  closely, 
and  therefore  the  value  of  should  be 
taken  somewhat  ssHiller  than  that  which  was 
found  from  expression  (2.38). 

A  more  accurate  electrcmechanlcal 
integrator  can  be  created  on  the  basis  of 
the  considered  principle  with  the  nelp  of 
an  asynchronous  two-phase  motor  (Fig.  26). 


In  this  case  the  t—nt  of  resistance  on 
the  shaft  can  be  made  inaignlfioantly  Mali,  since  brushea  are  absent,  howarer  the 
aapliflar  Is  c<X9plicatad  'are  due  to  the  nonlinear  dapandanca  of  the  aaf  of  the 
rotation  on  currant  in  the  windings. 

The  aquation  of  motion  of  the  motor  can  be  written  in  the  form 


J 


(2.30) 


where  J  is  the  total  mooient  of  inertia  brought  to  the  motor  shaft;  B  —  the  angle 
of  rotation  of  the  motor;  f  —  coefficient  of  viscous  friction  against  air;  M  — 
alactromagnatjc  torque  on  the  rotor,  I^,  —  currants  in  coils  of  the  motor 

stater. 

The  moment  of  raaistaaca  and  moment  of  loseas  we  will  disregard.  As  is  known 
from  the  theory  of  two-phase  aeynohrocious  motors  (I.  M.  Sadovskiy  (11),  the  expression 
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f«r  •l«otraMhcn«tlo  torqa*  osc  with  bafficiitit  for  prootieo  b«  wrlttoo  in 

th«  fom 


2  dt  f 


i2,W) 


This  f9qprc;;:iofi  it  eorroct,  if  wo  diorogard  oloetroaagnotie  tronsiecta  in  ooils 
of  tbo  «totor,  attoouating  aignifieantlj  fast  or  than  olootroaMohaaioal  tmaoiooto, 
oauood  bj  inortia  of  tho  aotor  rotor. 

In  oxproaaioQ  (2.i»0)  thoro  it  dooignatod:  k  ~  eoaatant  for  tho  giroo  fro- 
qutney  of  the  network,  which  it  a  function  of  tho  in|)odaaeoa  of  the  windlngt,  »•.,  — 
tho  aynohroaout  tpood  of  tho  notor. 

Ota  tho  batia  of  (2.39)  aad  (2.40),  if  qMatlty  f  la  aogliglhlo,  wo  flndi 


.  k  1,2  ^ 


.m 


(2.U) 


Frcn  oxproaaion  (2.41)  it  foUowo  that  aeeoloratiota  of  tho  noto^  dopoada  not 
only  on  ourront  in  tho  cootrol  coil,  but  alao  oo  tho  rpa  of  tho  aotor.  If  one 
wore  to  uoo  aothod,  aantioaod  aboro  in  tho  oxnaple  of  a  d-c  aator,  then,  otonrioualy, 
for  eoo^MnaatioQ  of  orror  of  ooeh  a  coapoting  oletaODt  oao  auat  alao  iatrodueo 
poaitioo  feedback,  but  thia  foodbaok  ahoold  bo  noalinoar  aad  ita  oooffieiont 
ahoold  depend  on  tbo  aquare  of  tho  control  eorrwt  I^.  Teehnieally  thl«  la  poaaible 
with  the  help  of  applioatioo  of  an  a>«  taohiaaii  hino  aad  a  apooial  Donliaoar  eloo- 
tronie  aapllfier  i'R.  L.  Coogriff  [1]).  For  tho  diagraa  of  Pig,  26  it  la  poaaible  to 
write  additionally  tho  following  rolatienahipo : 

f ,  K,  (/,  ♦  /,».  j,  • 

A,,  =  c  {'i  I  /,}. 

I, 


wimro  e,  k^  are  propcrtioaality  faotora,  Ifoneo 

t  /i)», 


(2.42) 
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U,  Coaputiim  ElaaantB  of  Cloaed  ( w^tr  MegatiYe  Feedback). 

L*t«l7  In  coavtmetion  of  cooputing  olaments  more  aurid  more  there  ere  used 
prtnclplet,  placed  at  the  baaia  of  closed  ayeteaa  of  automatic  control.  Under 
certain  conditions  it  turns  out  that  accuracy  of  operation  of  such  elereent?  does 
not  depend  on  variation  of  the  parasietera  of  the  main  channel,  comrerting  the  sig¬ 
nal,  but  is  detemined  only  by  the  aaignitude  and  stability  of  paraoetere  of  the 


feedback  circuit  and  the  input  clrcxiit. 


f,<n 


27.  Skeleton  diagram 
of  a  very  siiaple  system  of 
autcoatic  control. 


Let  us  consider  the  diagram  of  a  very 
simple  linear  system  of  automatic  cwtrol, 
consisting  of  three  units  (Fig.  Let 

the  equations  of  these  units  have  th**  form 

*,  A .  (  r  !  ‘ . 

y  K\  I  p<  {  t 
:  f  tp'  V 


where  Fi(p)  ia  the  transfer  fUneilon  of  the  input  unit,  F^Cp)  —  the  transfer  func- 
tion  of  the  feedback,  unit  FC_(p)  —  the  transfer  function  of  the  ajapllfler. 
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Pron  these  equations  It  foUowe: 


^  1  A, 


(2.U) 


If  one  were  to  select  so  a  large  ealae  of  the  aaipllfioation  factor  of  the  third 
unit  that  for  Talues  oi  w  ,  at  which  the  sTsten  works  this  inequalitj  is  satisfied, 


I  At'y(y«»)r,  (/«.);  X->  i 


(2.45) 


then  the  expression,  connecting  the  output  quantitj  j  with  the  input  x  can  be,  with 
accuraej  sufficient  for  practice,  presented  in  the  fora 


^  ^  f,{p) 


X 


(2.46) 


Thus,  with  a  sxifficientl/  great  anplification  factor  of  the  aain  mlt  of  the 
Bjuten  of  autooatic  control  the  coonectioo  between  output  and  input  qxtantities  is 
detendned  only  bj  paraasters  of  the  feedback  circuit  and  the  Input  circuit, 

Oepending  upon  the  fora  of  transfer  function  Pi(p)  and  F2(P^  sTitea  of 
autosMitlc  control  can  execute  various  aatheaatieal  oonTsrsions  of  ths  input  quant itf. 
In  gensral  it  is  possibls  to  eonsldsr  that  a  systea  of  autoaatic  control,  haring 
a  very  great  aapllfioaticn  factor  in  the  open  state,  allows  one  to  solve  differwtlal 
equation  of  the  fora 

Ajfriv  (2.47) 

Let  us  consider  several  exaa|xles  of  eonetruction  of  cca^Juting  eleMoti  cm  the 
basis  of  systsos  of  sutoaatic  control: 

a)  Slectrqeechanioal  int^yator.  The  fundasantal  circuit  of  the  integreto.'  is 
shown  in  Fig.  28.  The  input  signal  is  edded  to  the  signal  frca  the  taehcaachine  with 
ths  help  of  an  electric  circuit,  eeneisting  of  reslstaaoes  E,  Voltage  at  point 
I  is  a  signal  of  alasatch  or  error  of  the  servo  systea.  The  e^pllfled  voltage  of 
alasateh  is  applied  to  the  amature  oi  a  d-c  m  tor  and  deteradaea  the  change  of 
speed  of  rotation  of  the  amature  in  such  direction  and  Tnmigh  to  decrease  the 
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ftpp«4rlnc  BlMitch.  Ther«for«  this  aystan  with  Accuracy  up  to  ^  ensurss  proportion¬ 
ality  bstwaan  th#  spaed  of  rotAtion  of  the  d-c  nwtor  and  the  input  roit*ge. 


Indeed, 


where  f^{p) 

—  the  transBisiiofj  factor  of  the  tachoHAchine,  —  amplification  factor  of  the 
amplifier.  Since  from  conditions  of  physical  feasibility  of  the  amplifier 

has  a  finite  ealue,  then  for  a  Talue  of  very  large  in  modulo  the  quantity  of 
mlamateh  will  be  Bdn\ite. 

lUi 

11^  for  eJGMple,  -  100  ▼,  and  -  50,CXX)  then  yiOfj  “  or, 

Thue,  the  integrating  point  obtains  a  potential  differing  little  from  the  potential 
of  the  ground,  i.e.,  as  it  is  said,  it  is  potentially  grounded. 

Thus,  with  a  rery  large  amplification  factor,  it  is  possible  to  disregard 
magnitude  f,  in  expression  {2,kS)  as  compared  with  the  remaining  terms,  and  then 


Fig.  28.  Fundamental  circuit  of  t.he  denrlce 
of  an  electrooechanical  integrator. 


( c  ,  i,8  / 


t 


t  I 


#, 


.  Is  the  output  Toltage  of  the  amplifier;  k 


or 

.  •  i2,U9) 


To  the  e  aft  of  the  motor  through  lowmrlng  reciucer  with  a  transmdeslon  ratio  there  is 
ioinod  otentiemeter  n,  by  which  the  angle  of  rotation  of  the  output  shaft  will  be 


coirr«rt«Kl  into  output  Tolt«f«.  Considiorinf  thAt 


»*•  will  r«ci#Tt: 


.It 


(2.50) 


’rfh«r«  kjj  is  the  proportiooailty  factor. 

Con8«K{uenti]r|  the  output  rolta^e  or  the  &a|;le  of  rotation  of  the  output  shaft 
can  serre  as  a  naaeure  of  the  inteip^  In  tins  of  the  input  roltafs. 

Let  us  consider  In  eoakswhat  aore  detail,  ihe  paraasters  of  the  systea  wlU 
influence  accuracj  of  the  executed  aatheaMtical  operation.  If  one  were  nc'  to  dis 
regard  the  quantity  of  aiaaatch  and  not  consider  loss  in  the  aotor  araature,  fricti 
and  load  on  its  shaft,  and  also  consider  the  aaplification  factor  of  ai^illfier 
Kg  •  const  in  the  operating  range  of  frequencies,  then  it  is  possible  for  the 
aotor^aaplif ier  unit  to  write  the  relationship 

KJ,. 

*’  r.  <  I  ' 


whsre  T  is  the  tiae  constant  of  aceelsratiao  of  the  aotor,  the  aagsllf ication 

factor  of  the  aotor. 

Substituting  Talue  f,  froa  equation  (2.4B)  in  equetion  (2,51),  we  will  recelTe: 


r 

J{Tp  .  u  ,  .  *• 


(2.^2^ 


or 


*.  1 


'  ‘  !) 


(2.53) 


L'  in  the  operating  range  of  frequenciee 

2(0-.  ♦!> 

I  s.*,*. 


th< 


».  » 

*r<'  '  r 


and  the  syrtea  axecutee  the  operatioa  of  intafratloa  without  error.  Error  of 
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opemtioR  of  such  a  darlce  will,  cfcwiously,  depwKi  on  the  absolute  value  of  the 
oxpreeaion  stability  of  accuracy  of  seo-up  of  the  ratio  * 

Darraass  of  the  absolute  value  of  expression  *1  n  *  '*  can  t;«  attained  bv 
irsCrv-Asb  of  the  total  aapilflcation  factor  the  servo  aysytsTi  Kj,  k.,  selection 
of  low-inertia  elooents,  for  exaaiple  laotors  with  a  low  time  c  mstant  of  acceler- 
ttion,  and  finally,  by  limitaticn  cf  the  opsrati“a;  range  of  frequencies,  'jicrsass 
of  amplification  factor  of  such  &  system  usually  preventr-  loss  of  stability, 
causri  by  presv.  jce  of  such  neglected  factors  as  dry  friction,  the  gap  in  kinematic 
circuit,  equivalent  constant  delay,  caused  the  neglected  smeU  inertnesses  of  the 
system  and  so  forth.  By  force  of  this  to  obtain  a  giver  accuracy  it  is  necessary 
to  decrease  the  band  of  frequencies  of  operation  of  the  systcsa,  i.e. ,  in  essence 
to  limit  circle  of  problems  solved  with  the  help  of  such  electrooechanicai  computing 
eiemeucs* 

The  paasband  width  of  ©lectroaechanical  cooputing  elejments  for  the  low- inertia 
mapTietic  clutches  proposed  by  P,  F,  Klubnikin  (see  Ye.  K,  Krug  and  0,  Minina  fl]), 
possessing  an  equivalent  time  constant  of  acceleration  T  «  0.028  sec,  does  not 
exceed  4  to  5  c . 

The  required  dynamic  stability  and  fast  attenuatiwi  of  natural  motions  of  the 
computing  sltojaent  can  be  attained  comparatively  simply  in  a  wide  range  of  operating 
frequencies  *fith  use  as  the  computing  elements  of  systems  of  automatic  control,  ccm- 
posed  of  low-inertia  units.  Special  advantages  in  this  respect  are  presented  by 
d-c  amplifiers  with  negative  feedback  (I,  R,  Ragazaini,  R,  H,  Randall,  F.  A.  Russell 
fll). 

b)  Ejectronlc  amplifier  with  negative  feedback  as  a  computing  element.  An  opera¬ 
tional  amplifier  (Fig.  29)  can  be  consldertxi  as  a  servo  system,  reacting  to  several 
(In  the  general  case,  n)  input  signals. 

Role  of  the  controlled  member  here  is  played  by  the  smjc  d-c  amplifier,  the 
role  of  the  regulator  —  by  a  unique  mismatch  Indicator,  a  multitemtnal  network, 


« 
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ccnpoa«d  of  Input  iapodtoete  foodbftok  r«tletc.?«  >2  inptzi 

roolftMiee  of  the  d-c  A^ilifler  i^.  Slir;oe  feedbAok  in  the  soa8ide2*«d  inpoXfier  le 
negRtiTOy  output  ToItRge  of  thii  aultiti?2%ija&l  irmteork  cm\  be  considered  the 
error  or  aiaB&fitch  of  the  serro  sTstea.  Considerini;  the  linearity  of  elmntts, 
fomlTig  the  Multlteminal  network  of  the  aiaaetch  indlestory  It  le  possible  to  pre~ 
sent  the  total  wolta^  of  error  in  the  fore  of  tun,  in  tdiieh  ererj  addend  is 
detcrslned  by  the  trIuj  of  the  Tcltagey  applied  to  the  giren  input  pole. 

Indeed: 


-t  pie  „  hi  pie. 


(2.54) 


where,  as  we  know  (K.  A.  Krug  [1]),  tranefer  funetioos  f^(p),  fj^Cp),  ...»  fjjjCp) 
*^**1  expressed  by  the  eonductaace  of  the  corresponding  circuitaj,  bars  the  values 

-  (2.55) 


2  kif  (r)  +  k,  (r)  +  ^ •  r) 

I 


/.!</')== --r- 


2  y^ip)  -h  y,(p>i  >,{«>) 

I 


(2.56) 


/l3(P) 


_ _ _ 

m 

2  f  y>(p>  +  yt<p> 


(2.57) 


/„<P>  =  - -i- - 

2  y>i(pf  t  y»<p>  ^  *'*</’) 

I 


(2.58) 


hip)  -  -i- 


h(p) 


2  y>i(p>  ^-y$  (•>)-(-  y^ir) 

I 


(2.59) 


Here 


I 

II 

I 

2.;  ’ 


K,- 


I 

K,  . 


K,  . 

I 

Z, 


■Z.7 
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VllUi  A  8uffioi«Dtl7  STMt  aapIii'lcAtlon  factor  of  th«  aaplifiar  (In  tne  opora- [ 
tlzsg  range  of  frequencies)  and  United  anxiniuiE  value  ">f  outfit  voltage  of  the  anpli-# 
fior,  the  voltage  of  error  ie  very  low.  Here,  as  in  the  preceding  example,  it 
turns  out  that  Integrating  point  ia  as  if  potentially  grounded.  Lf  we  disregard  ; 

___  i 

in  expression  (2,54)  quantity  at  conpared  with  the  reaaining  terms,  then  it  is 
possible  to  find  the  connection  between  the  output  and  inptrt  voltage  of  the  opera¬ 
tional  amplifier: 


or  after  coqsression  of  transfer  functions  through  the  conductances  of  the  corre¬ 


sponding  circuits : 


2l  >  .tr)'’. 

J 

>}</’> 


(2,60) 


Froa  equation  (2.60)  it  follows  that  accuracy  of  nathematical  operations,  exe¬ 
cuted  by  the  cooputing  eleaent,  does  not  depend  on  paurameters  of  the  actual  amplifier 


ix  z, 

f - n 

I  I 


Fig,  29.  Operational  saplifier. 

If  ite  aiiplification  factor  is  sufficiently  gr«»at,  but  depends  on  accuracy  of  set-up 
and  stability  of  values  of  the  conductances  of  the  input  circuits  and  feedback 


circuit. 


Let  ue  consider  several  particular  regimen  of  as  operational  amplifier. 

1  1 

Let  the  number  of  Inputs  n  *  1,  Tj^i  =  ST*#  ^2  “  r*  basis  01  (2.60) 


wo  will  receive: 


(2.61) 


11i«  op«mtiariid  «iBpIlfi«r  h«r«  th«  op«x«tioit  of  siltiplicuition  bf  th« 

R' 


OCOStOISt  — 

Lot  th«r«  by  n  inputo  Ii  4  -  -1-,  ^2  “  th«i 

Ru 

tt 

V 


(2.62) 


tion  of  n  input  ai^nols 
R2 
Ru 

22  12  ^  oarriod  oot  ordinary  al^braio  vamition. 

If  in  tho  feadboek  eirouit  wa  eormaot  a  oapaoitanca,  and  00  tha  inpat  — ,  an 


Tho  oparational  aapUfier  axaootaa  hara  aXgabraio 
with  Holtiplioation  of  arary  eoa^xnant  by  a  glTan  eonatant  — 
If  R 


“12  ■  - 


ohaie  raaiatanca,  than  ifhan  n  *  1  wa  alU  raeaiaa: 


I  - 
ktp 


(2.63) 


Changing  fr«  rapraaantationa  to  ariginala,  aa  will  haaat 


(2.64) 


Thoa,  with  thaaa  raaiataaeaa  on  inpot  and  in  tha  faadbaek  eirouit  tha  aapliflar 
executes  operation  of  integration  in  tine  of  tha  input  quantity.  If  tha  nvMbar  of 
input  signals  is  n  and  at  the  input  are  eonnectad  ohaio  raaiatancas  ...» 

Rjj,,  then  here  is  executed  the  operation  of  integration  of  tha  sue  of  input  signals: 


Av 

I 


whence 


•It 


(2.65) 


•Hare  and  hancaforth  for  brarity  of  spaaeh  ly  tara  "faadbaek  eiremit*  ia  dasig- 
natad  a  circuit »  eonnaetad  batwaan  iatagrating  point  ^  and  tha  output  tarainal  of 
tha  aapUfier.  In  reality  a  faadbaek  circuit  ia  tha  CotaUty  of  this  oireuit  and 
the  circuit  ccnracted  to  tha  aaplifiar  Input. 
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Finally,  with  connection  »t  the  input  of  cepecitorn,  end  in  the  feedback  of 


reeistenco  R  we  will  receive  when  n  “  1: 
2 


or 


(2.^6) 


The  operational  amplifier  here  works  as  a  differentiator. 

Thus,  depending  upon  the  values  of  conductances  of  input  circuits  and  feedback 
circuits  the  operational  amplifier  can  execute  various  mathematical  operations, 
expression 

carries  the  name  of  the  transfer  function  of  a  computing  element  for  the  i-th  input 
and  henceforth  will  be  designated  by  letter  -i.  (p)  in  distinction  from  the  static 
transfer  ratio  K,  equal  for  an  integrator  to  K  *  ^or  a  differentiator  K  =  Ku, 

H2 

for  an  adder  for  the  i-th  input  —  Kij  ■  — •  , 

%i 

In  table  I  are  shown  tne  basic  mathematical  operations  executed  hy  such  an  ooera^ 
tional  amplifier. 

Ch  the  basis  of  the  theory  of  electric  circuits  at  the  end  of  the  book  (in 
Appendix  I)  there  is  given  a  more  general  derivation  of  equations  of  the  operational 
element  «nd  there  are  brought  cases  of  obtaining  combin'  i  linear  operations  with 
the  help  of  one  operational  amplifier,  at  whose  Input  and  feedbacks  there  are  con¬ 
nected  networks  of  various  types. 

It  is  necessary  to  indicate  that  the  examples  in  Table  "  of  multiplication  and 
divi.^^iiin  by  constants  ■  and  i  can  also  be  used  for  realixation  of  operation* 

of  multiplication  and  division  of  two  variables,  if  the  diagram  is  supplesiented  with 
a  senro  systen.  Besides  the  aatheasticil  operations  enumerated  in  Table  I  and  Ap¬ 
pendix  I,  by  an  operational  amplifier  with  connection  of  a  feedback  circuit  and  at 
the  input  connection  of  nonlinear  reaistances  there  may  also  be  carried  out  functional 
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TabX«  I 


ContiiiuAtlcc  of  Tabl«  I 


ooriTaraion  WKl  there  may  be  reproduced  itutlc  cheracteri sties  of  oaaic  type  non- 
llr.5»*ritia8  of  systems  of  automatic  control  (gap,  dry  friction,  tone  of  insensitivity, 
limitation  of  cocrdlr«at'*8  by  modulo,  etc).* 


I 


♦ 


i 


f. 


♦ 


'  f 


I 


We  will  giro  a  physical  explanation 
of  the  work  of  an  operational  a/nt!liri'*r 
as  an  integrator.  For  this  let  us  con¬ 
sider  the  equivalent  diagram  of  Fig.  30. 


In  this  diagram  the  amplifier  is  reolacea 

Pig,  30.  Toward  ex¬ 
planation  of  the  work  by  an  equivalent  generator  with  voltage 

of  an  operational  am¬ 
plifier  as  an  inte-  and  a  capacitor  is  connected 

grator. 


through  resistance  P  to  a  voltage,  equal 

to  e,^,  -  f,,  Let  us  consider  the  case  when  r,,  is  applied  in  the  form  of  a 
step  f'lnction.  By  force  of  t.  s  fact  that  the  voltage  on  the  plates  of  the  capacitor 
cannot  change  instantaneously  (assume  0  at  moment  t  *  0),  at  the  moment  o*' 
switching  the  input  signal  through  the  circuit  will  leak  current 


t 


tl 


R 


The  voltage  of  error 


0 


rt  is  obvious  that  with  passage  of  time,  by  measure  of  tne  charge  of  the  capacitor; 
current  in  the  circuit  will  fall,  and  the  voltage  of  error  will  grow,  "f  the  tirar 
constant  of  charge  is  very  great,  then  practically  within  a  certain  int»rval  of 
time  it  is  possible  to  censider  the  current  conf-tant.  So  that  through  capacitor  there 
flowa  a  current  of  unchanging  strength,  it  is  necessary  that  the  voltage  on  its 
plates  grows  linearly  in  time. 


•fee  Ch.  VIIJ  aiai  XIII. 
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if  I  eonct,  th«n 


(2,67) 


-  const  and 

Sinot  with  a  largw  MiaUfloaiics  f&otor  of  tho  aap.'  Iflor  woltoc*  it  Blaatt,  tbaa 
th«  liiMor  boild-up  of  ToltAji*  oo  th«  e*pociter  ticnlflts  llntr  build-op  of  ▼olttfo 
on  output.-  If  ono  wort  to  eontldar  ths  input  tl^ntl  eonttAiit,  th«n  it  will  boceat 
•ridtnt  that  tho  output  nignkl  it  «  ■toturo  of  tho  iatogml  of  tho  iaput  oignol  with 
roopoot  to  tint. 

Wo  will  fijad  tho  low  of  ohongo  of  eurroat  in  tho  oquivulont  cirottlt  of  Fig.  30 
with  oppIieoticsQ  of  on  input  tiganl  in  tho  fora  of  o  stop  function.  Uolag  ICirehhoff*8 
low,  wo  will  rocolTo: 

b'jt 

hooco 

f  V  ^  ^  C  (2.68) 


Froa  rolotioo^p  (2.68)  it  followo  thot  tho  proooto  of  ehoago  of  eurront,  flow¬ 


ing  ihmagh  tho  oopoeltwr  of  on  oporotioaol  aaplifior,  woiidlng  oo  on  intogrotor,  io 
oquimlont  to  tho  proooto  of  choiw^o  of  cxuront  in  o  poooiTO  olootric  circuit,  con- 
sitting  of  o  oorioft  connootod  oopooit^  of  tho  tons  oopooltonoo  oad  ohaie  rotit- 
tonco,  owplifiod  (I  IC^)  tiaot  ondor  tho  condition  thot  to  thit  eircuit  it  coo- 
noetod  OB  input  tigaol  ongilifiod  (1  Kj)  tinoo. 

Solution  of  difforontiol  oquotion  (2.68)  it 


/  so 


~w 


* 


I 


f 


(2.69) 
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By  «x{ir«88lon  (2,69)  it  is  po88ible  to  c*lcul4t6  the  (mxiau*  npsed  of  decr<i4»»? 
of  curmnt,  flowing  through  the  capacitor : 


/,  1 
k  r  ( 1  Ai ) ) 


(-^.70) 


If  •  10  ▼,  R  *  1  nwgohm,  T  *  RC  *  1  sec,  Ky  *  ^,000,  then 

I I  -  0  2  Ml  ‘a/sec  0  in  'Mc/sec. 

'  J/  V... 


flowing  the  law  of  change  of  current  through  the  capacitor,  it  sasy  to  find 
the  law  of  ehenge  of  output  voltage. 

Indeed, 

f  -  '  -  '1 

-  V  -  L I  ~  ^  '  J 


and 


r ' 


(2.-1) 


SxpresBicn  (2,71)  can  aleo  be  obtained  foneally  as  the  solution  of  the  differential 
equation  of  the  circuit  (Fig.  30),  written  in  operator  forra 

A, 

*,mt  '  ■  \r.  A.)  A''-.,’  ■  i 


For  a  passive  electric  circuit,  consisting  of  H  and  J,  we  had; 


Thus,  in  case  of  application  of  an  operational  aaplifier  as  an  intf^srator  th* 
output  voltage  changes  also  by  exponential  law,  but  with  a  tiise  cor.stant  and  steady- 
state  value  of  the  output  quantity  aa^ilified  (i  +  tixaes,  -Tils  gives  an  increase 
of  the  interval  of  tiae  in  which  output  voltage  grcsrs  iincariy  in  ti»e,  arKi  con¬ 


sequently,  increase  of  the  ir».,enraj  of  tiae,  in  which  the  proves?  of  inlegrarion  of 


th«  iapot  rlfnal  it  04rsri«d  oat  oerr«otX]r 


b) 


Tig,  31.  DiACiM  for  d«> 
tomdmtlon  of  a)  inpot 
and  b)  output  iopadajtoai 
of  an  oparatiooal  aapH- 
fiar. 


iftar  aubatitutlaf  thaaa  azpraationa 

=*  2,  -f  1 


Wa  will  fljKl  walaaa  of  Ijnput  aad  out¬ 
put  iupadaaoaa  of  tha  oparutional  alaaaot, 
datamlAijQC  tlia  poaalbillt/  and  conranlanoe 
of  ita  ooablaatloo  with  othar  darlcaa. 

Bj  daflnitlon  ixtput  iopadanea  oan  ba 
found  aa 

7  —  *»»-  (2»7A) 

tha  baaia  of  31a,  uaing  tba  aarller 
ralatlonahlpa,  wa  will  wrlta  /,=-•*“'*  , 
aad,.=  -^ 

la  (2.74)  wa  will  racalra  fiitalljr; 

z.  (2.75) 

^  4, 


Froa  axpraaaioQ  (2.75)  it  foUowa  that  input  layaianca  of  tha  oparatlonal 
•aqpliflar  eoaaiirta  of  two  ocaycoantat  ooa,  aqQ^aI  to  tha  raalataaca  eoca»actad  at 
tha  Input,  aad  tha  othar,  a<tvial  to  tba  raaiatanoa  of  tha  faadback,  dacraaaad  bj 

(1  ty). 

With  a  Lar<^  aaplifleatioa  factor  tha  aacood  o<ayanant  la  naclidibla.  Indaad, 
lat 


2. 


--- 


10  h.OM,  Zj  .  R^  --  1  ii:qh  Kj  i  lU*, 


than 


2„  «  10* -f- 20  l(H  ate. 


Thua,  iaqput  luadanca  of  au  oparatiaaal  aiylLfiar  with  aocurao/  auffileiant  for 
praetica  oaa  ba  eoaaldarad  aqoal  to  tha  raaiataaaa  oooaaetad  to  tha  input.  IMLth 
eoMnaetio*  at  tha  input,  of  a  aapncltar  tha  iapot  inpadaaaa,  ohrioualj  will  daaraasa 
with  ineraaaa  of  fraquanaj. 
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lor  dotormlnatlon  of  the  output  Impedwice  of  the  operational  amplifl-r  we  will 


turn,  to  the  equivalent  diagp*ir.  in  Fig,  lib.  Considering  this  diagram  as  a  qi^ad- 
ripole,  we  write  the  equation  for  currents  in  the  poles; 


/j  —  i  T  {/out 


Output  Impedance  of  the  amplifier  according  to  definition  vdli  be: 


I  / 


I  *"'  \ 

\  /.  k  » 


From  the  aqaivalt.it  diagram  it  follows  that 


5r  ^  k  t 


-  T- 


-  ftut  ^ 


After  simple  conversions  for  a  very  large  K  we  obtAiji 


(2.77) 


It  follows  from  this  t'rjit  the  output  impedance  is  ssnallerj,  the  larger  the 
—  the  amplification  factor  of  the  amplifier  without  accounting  for  the  plate  load 
of  the  output  cascade  —  and  the  less  the  transmission  factor  ,  set  on  the  com- 

I 

puling  element. 


Duri^xg  work  of  the  oper^tloral  amplifier  as  an  integrator  with  increase  ol 


frequency  the  output  impedance  slightly  decreases,  approaching 


k, 


Tn 


operation  as  a  differentiator  the  out^flit  impedance  slightly  increases. 

We  will  define  the  order  of  magnitude  of  the  output  impedance  of  the  computing 
element.  Let  i.  V,  22  Ay  5  I0‘.  With  these  ctmditions 

^  I 


/  ,  o 

'  •x*  •'•XV  " 


22  l<>'  J 
5  iO* 


O.ss  ohm, 


7nus,  output  impedance  of  the  opcraticmal  amplifier  is  minute,  which  ensures 
simplicity  of  interconnection  of  such  amplifiers  ana  connection,  with  other  equipments 


5.  G«Bmrj.»oft  of  Trp»i  of  Stttirfttorg, 

!Mirits  and  (iiaficianoiot  of  ^mrlous  typca  of  .Unoftr  eoaqputing  9l«B«ntB 
{Typm  I  *—  with  a  paeilva  network  at  tha  input  of  tha  aMplifiarj,  typ*  11  —  with 
paraaatrie  coiqptRsatian  of  errcr  and  typa  III  •»  with  nagativa  faadback)  alraady 
wera  oonsidarad  above  in  suffieiant  detail » 

It  is  of  intaraLt  to  eoapara  thase  derieet  in  the  aost  critical  raglae  —  whan 
carrying  out  the  operation  of  liitagration.  As  tha  eritarion  for  appraisal  hara  is 
expedient  to  select  tha  latest  peralssible  frequency  of  tha  simisoidal  input  signal 
and  the  widiBUffi  pensiscible  tisw  oi'  integration  of  the  step  input  signal.  These 
quantities  detemine  ths  possibility  of  siaulaticn  with  real  control  eq^psnnt  and 
the  possibility  of  use  of  integrating  elessmte  ir.  the  oosipositian  of  control  equip¬ 
ment. 

These  quantities  are  datarained  by  tha  totality  of  propartias  of  tha  computing 

aleoant.  Howavar  for  comparativa  appraisal  it  io  suffieiant  to  datanina  thase 

qsantitiea,  proeaeding  from  tha  pandsaibla  qvcntiiy  of  systamatic  arror  and  liaita- 

« 

tion  of  tha  dynsmie  ranga  of  voltages  of  the  devices.  Caloulation  of  drift  of  the 
amplifier,  imperfection  of  the  integsmting  oapaeitor  and  grid  ourreBit  is  brought  in 
Chapter  III. 

We  will  give  an  appraisal  of  the  least  pemissibls  frequency  of  input  signals, 
proceeding  froot  accuracy  of  fulfiUaKit  of  ths  operation  of  integration. 

Cki  the  basis  of  earlier  material  tii«  equations  of  ths  considered  integrators 


«9y  the  dynamic  range  of  voltages  here  is  understood  ths  ratio  of  the 
valus  of  the  output  signal  at  the  boundary  of  linearity  to  the  value 
of  the  input  sigiBal  distingaished  from  laterferenoes. 
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(2.7«) 


operator  form  cftn  b«  prosentod  in  th«  form; 


«- 

Tp  I 

! 

1 

^Tp  I 

^ni  ^ 

(1  •  Tp  ' 


whem  &  is  ths  coofficiont,  taking  into  account  the  degree  of  ccropeneatlon  of  error, 


s  1;  k^.  k^^  Ai-i-—  amplification  factoro  of  amplifiers  o"  integrators  I,  H,  TIT 
types  without  feedback,  T  •  RC  —  the  time  constant  of  the  passive  network,  taken 
identical  for  all  three  types  of  devices. 

With  a  sinusoidal  input  signal  for  peak  values  we  have; 


\  '  U  -)* 


I  \ 


A'd  r 


I  1 


V  AMI  ^ 


U  !  1  _ 

I  2  (M*  .-  •• 

Am _ r  I  _ 

V  r  ‘  *  o  j  i 


] 


(!  ^  A|(()  f'" 


2  0  ■ 


(2.79) 


The  second  addend  in  the  square  brackets  of  tliese  three  expressions  determines 
the  systewatic  error  of  the  operation  of  integration.  Designating  it  3  we  will 
receive  the  expression  for  the  minlnum  permissible  frequency  of  the  processes 


_  I 

••In  I  '  Y 


••In  II 


•«ln  III 


I 

f  ( I  r  Ain) 


(2.«0) 


From  cosqparison  of  values  of  it  follow*  that  for  the  same  T  and  ^  the 

least  persdeslble  u>  will  be  in  an  integrator  type  III.  However  with  a  sinusoidal 

Input  signal,  besides  error  in  amplitude,  there  occurs  phase  error. 

We  will  find  the  mininui  permissible  values  of  p  proceeding  from  the  given 

*Glgna  in  expressions  (2,78)  are  emitted,  since  for  the  given  considera¬ 

tion  they  do  not  have  essential  meaning. 


p*nili«tbl*  phM*  wTor  A*  ,  With  th*  h«lp  of  mpnodono  (2,79)  *0  find: 


(2,«1) 


•1.1.1  =  T‘^(i  ~  ^?)’ 

•*-t.  n“"T^(?“-^’)- 

'» ^  (Trbip  (7  " 


Sine*  I  <  7  <  n  -I-  th«a  fwT  gX^m  tatd  T  th«  l«Mt  p«raisfil9l«  w 

will  b«  in  «n  integrator  of  tjpe  III« 

Let  us  consider  the  ease  of  ideal  Integration.  Here,  aoeordlng  to  (2.79)  we 
obtain 


1% 


0 


(2.82) 


leausdng  that  ^ 

pemlseible  w  froa  expreesion 


is  a  finite  qaaotitj,  we  will  find  the  ainisw 
(2.82): 


^  K,  ^  Ku  m  I 

•-.1  =  7^-  •-.11  =  7517'  •—'"‘'Tk; 


(2.83) 


Since  Kj  >  >  1,  It  follows  that  an  integrator  of  tjpe  III  gives  In  this 

ease  too  the  least  pendesihle  value  of  u  . 

nnis,  for  each  type  of  device  there  are  obtained  three  oocMlitioRs  f<nr  deteral> 
nation  of  Obvdoasl/,  the  detemialng  coodltiai  will  be  the  aam  for  wliieh  the 

freqaepcy  is  hl^ier.  Iftiioh  of  the  three  coaditlaas  will  be  the  detensiali^  one, 
depends  on  the  taken  valnee  of  i.  A?.  T.  k,.  K„  and  AT,,, 

In  Table  II  are  brought,  for  scnaMFtle,  reaalte  of  oalealatlea  for  valaee  of 
the  enoMrated  paraasters,  often  net  la  azistiag  eonpating  eleaents. 

Thus,  for  integrators  of  typas  I  lad  II  tha  faantity  is  dotamlned  by 

tha  naoaaaity  of  sastainlag  tho  givaa  phaae  »rrar,  and  for  a  derlea  of  typo  III  — 
by  the  flalteaeee  of  quantity  I,.  IMe  laat  la  Uaitad  in  by  oatpat  raltaga  ^ 
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'f 


th«  lialtt  of  linMurlty  of  th«  aopliflor,  and  in  input  si^^l  —  by  its  nlnliouni 
value,  which  it  is  still  possible  to  distinguish  in  the  output  signal  from  inter¬ 
ference,  i.e.,  the  quantity  of  permissible  error.  In  many  cases  it  is  possible  to 
consider  f  sut  mil  ' —  li>0  .  r„  b,l  40(1^  consequently,  A,  I'fn) 

!>u*lng  integration  of  a  step  input  signal  output  voltages  of  Integrators  will 
change  by  these  lairs: 


V  ^  ^ 

it  M  ^  \\  —  / 

-  r 

^  A 1 1 1 _ 


'  )  -  ;■  (>  ^j^)' 

”0  -  ^i-r..  ^ 


f  ( ‘  ;n.  I 


/ 

^iii) 


r) 


Coniiarlson  oi  thsse  fonsulss  shows  that  error  of  integration,  expressed  by  the 
sec<wiid  addend  in  parentheees,  will  inereaee  ooet  slowly  for  integrstors  of  the  third 

type. 


■Table  II 


(a)  -  ,  V 


(jo«w«  on^fjr  f'lws 


^<TpodcTi4 


»i  *»r  t 
4«>N4  w»t 


ta'  - 

(f)v; 

I 

2JA  !  57.3 

I 

tM'i  A,  hi 

T  1 

II 

rt.Zf4  0.573 

. . . 1  _ . _  1 

0(«f:  A,, 

1  «  (MM 

T  1 

III 

4.5  10  ‘  1  15  10  ’ 

4.5  10  *  ,  1,15  iO  * 

1  h)  ’  A  '■  i'>‘ 

,  •> 

!  /  ^  1 

i 

nfT:  (s)  Type  of  deriee;  (b)  Conditions  of  detenBinsti(m 
of  «»Biin»  (c)  error;  (d)  Aag>litude  error;  (o)  Phase  error; 
(f)  finite  value  of  dynaade  rangs;  (g)  Rats. 

Appraisal  of  the  — perwlsaible  duration  of  the  process  of  Integration  can 
be  conduotad  Just  as  in  the  preceding  cate,  proceeding  from  the  given  systematic 
srror  of  ths  proosss  of  int^rstion  sod  the  finite  value  of  dynaoic  range  of 
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xroltag«a  of  tho  laiatra— nt. 


1b  the  first  eoee  obtaia: 

23 .1 

^m*i  I  ~  27*1  ^mtt  II  ~  ■  ^mtt  III  **  27"1  ( I  -f-  7C|||). 


(2.85) 


Proeeedlnc  frea  the  finite  wAwi  id  A,.  lj>  ideal  iotecxmtieii  ve  heee: 


^•*1 1  —  f  -  T,  ,,  II  —  T.  ,,,  —  Aj,r. 


(2.96) 


Ib  TBhle  III  ere  the  reiolta  of  oelenletlea  of  for  the  aost  frequmtlj 

eaeoantered  valoet  of  pereacters. 


T^ble  III 


1 

^ ^  ^  ITcjmm  Mif«MMaaa  t— 

1,  1  j 

\  j(dy*'4“*<*»  j 

(e) 

«  j 

1 

OiUQ  1  100  et* 

1 

A.  10 

r»  i  rM 

0 

•J 

sno 

Am  “  2 

7  ••  1  fnr 

ii£ 

100  <tK 

MU»  (fx 

1000 

Am  »-  5  10* 

7  -»  1  fr»f 

Aiu  “  5  JO* 

.  M  1  rnr 

KE\ :  (e)  Ty^  of  derlce*  (h)  Ccmditlone  of  deterainetion 

'-aex  J  error;  (d)  finite  trelue;  (e)  note. 


3et*  of  Table  III  Indicate  that  for  the  aoet  frequeatljr  aocowitered  ealees 
of  paraaeters  and  pemiesible  error  of  -  0,1<  deteralalnf  factors  for  fijedijif  the 
peraieelble  duratioo  of  Intefration  ere;  sjetsaatic  error  for  iAtegratore 
•1  tjrpee  I,  II  sad  III  (shea  “  5*10^)  and  the  flaitt.  ealue  of  the  dfsaaie 
range  of  Toltages  for  derlcea  of  tjpe  III  ehen  Ijjj  =  5*10^.  Derices  of  type  III  as 
coapared  »rlth  dericsa  of  tjrpee  I  aad  II,  other  ecaditioos  belji^  e^ual,  easure  a  tlas 
of  in  egration  auaj  orders  greater . 

For  further  inerease  of  the  pendaaible  tiae  of  iategratioa  of  a  stahllieed 
epexmtisaal  aaplifier  (1^^^  •  5*10^),  as  follows  froa  these  eoapaUtioas,  it  is  neoes- 
sary  te  iMrease  the  djasalo  range  of  Toltages  of  the  iastraasat,  TMs  is  poesible 
to  carry  cat  both  by  decrease  of  error  and  by  expoaslcti  of  the  linear  range  of  change 
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of  outi:nit  iroltAge.  The  lost  w»e  very  ohrewSly  re«l.i8od  in  the  ntep  jnte<^r&tor 
offered  by  I.  V.  Korol'kov  and  I.  A.  FHsbnov  fl]  (Vif.  32).*  The  baoic  idead  of  this 
integrator  coneiats  of  the  fact  that  the  operational  amplifier  integrates  only  for 
the  duration  of  permissible  time 

After  e'  reaches  the  value  100  »  on  the  divider  of  reversible 

•*4t  ""  — 

stepping  selector  //  the  cursor  aoves  one  Xaaslla  (one  step)  and  voltage  +  is 
stored:  aiaultaneously  capacitor  C  is  discharged  by  contacts  of  relay  ‘  or  }  and 
integration  atarta  all  over.  CAitput  voltage  is  taken  from  auxiliary  adder 

2,  where  there  is  added  the  voltage  from  the  divider  of  the  stepping  ‘e'er'  .r  and 
voltage  fro*  the  output  of  the  integrator.  This  ensures  a  smooth  curve  the  whole 
range  of  the  output  signal.  Thus,  after  n  steps  on  the  output  of  the  divtuer  there 
will  be  e8t4iblished  voltage  nMJ,.  which  corresponds  as  it  were  to  an  n  time  in¬ 
crease  of  the  upper  limit  of  linearity  of  the  amplifier,  and  consequently,  of  . 
Therefore  the  maxiisua  permissible  tlsM  of  integration  now  will  be  increased  n 
times:  in  whei*e  n  is  the  nxwiber  of  steps  of  the  divider  for  voltage  of 

the  same  sign.  Simultaneously  with  inci’ease  of  the  dynamic  range  of  voltages  one 
can  somewhat  decrease  error  due  to  loro  drift  of  aero  due  to  operation  with  in¬ 
creas'd  input  signals.  Thus,  application  of  passive  Integrating  network*  with  an 
amplifier  ie  expedient  starting  with  a  frequency  of  the  input  signal  of  10  c  and 
higher.  Wien  indispensable  to  integrate  signals  of  minute  frequency  it  i«  nereseary 
to  change  to  operational  amplifiere.  The  mlftimua  permlselbie  frequency  here  will  be 
in  times  less  as  coaqaared  with  the  case  of  application  of  passive  cells. 

The  factor  determining  the  quantity  value  oT^^„fcr  all  three  tyjes  of  devi-rs 
the  phase  error,  at  exception  are  integrators  based  on  stabilized  operational 
amplifiers,  for  which  the  detenaining  factor  be domes  finiteness  of  the  quantity 
K-  .  Maximum  permissible  time  of  integration  of  a  step  input  signal  Cor  aii 

d-S 

•See  also  L.  N.  Fitsner,  L.  I.  Shsvchsnko,  One  method  of  integration  of  electric 
voltage,  Instnmmnt-making,  Mo.  8,  1957. 
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thrM  tjp—  of  intogratcrt  (irlth  th«  exc«ption  of  iatogrators  with  vtabiliaod 
oparatlonal  aaplifiart)  if  dftfndnad  •tthodlcA.l  error  Haro  operational 
aa^iflara  have  the  groataat  tli#  of  Intagration.  Ft>r  Intafratorf  with  atabllisad 
operational  aspllflara,  th«  datanalnlng  factors  bacoM  lead  of  the  Intsf rating 


capacitor  and  flnltana«s  of  tha  djnajiic  rang*.  The  tiaM  of  integration  for 


such 


aapXifiere  does  not  exceed  ICXX)  sec  when  *  1000  and  R  ■■  4*10^  sMgohBs. 


P\irther  expansion  of  the  perAissible  tlas  of  integration  can  be  attained  bj 


application  of  the  circuit  of  a  atap  Integrator  with  aijmltanaous  increase  of 


ths  leak  reaiatance  of  the  integrating  capacitor. 


Pig,  32<  Pnaetioml  dlagraa  of  a  step  integrator. 
3C  —  eo^sarator,  K  —  stepping  seleetor. 


C  H  A  P  L  H  IT! 

'•:RR0R  of  linear  JCMmiNV,  ‘■’LKMrlN^r;' 

1 .  Basic  Propositions  of  Error  Theory 
Investigation  of  error  of  a  computlnf,  slsment  pursues  the  goal  of  giving  an 
appraisal  of  the  accuracy  of  fuifiilny'  of  a  given  mat hetsaticai  operation*  O'’ 
determining  the  aain  prlaary  sources  of  error  and  their  influence  on  total  error  and, 
finally,  of  aatablishing  ways  and  methods  of  decreasing  the  moat  substantial  cor— 
ponents  of  error.  Knowledge  of  error,  intrxxiucod  by  a  separate  computing  elefaent, 
will  allow  one  to  proceed  to  appraisal  of  the  error  of  a  complex  of  such  elements, 
i.e,,  to  appraisal  of  error  of  the  solution  of  a  differential  equation. 

Analysis  of  errors  of  linear  and  nonlin.aar  active  and  passive  electric  clr- 
cults,  including  computing  elements,  is  thf  subject  of  fairly  extensive  literatur- 
(M.  L.  ^ykhovekly  [i]  -  A.  Shnaydmar  fip. 

Error  of  a  computing  element  is  wtsat  we  usually  call  the  ’  net 

real  and  ideal  values  of  output  smgnitude  at  a  given  mosoent  of  tirne  for  the  '*art« 
value  of  input  magnitude; 

where  is  the  ideal  output  quantity,  corresponding  to  a  glvwi  mathematical 

operation,  is  the  real  output  magnitude,  obtained  aa  a  result  of  operation 

of  the  device. 

TotAl  error  c**'  divided  into  two  parte:  systematic  fend  raAclom. 
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Dm  i^rtt^mtlc  pftrt  of  total  onror  Is  «lth«r  oobstant,  or  ehanfa*  ^  t  jprlor  known 
law.  Th4»  randoB  part  of  srror  is  oausad  bj  aoeloantal  faotoro  or  tpra^^  of  paraasta^ 
witiiin  allcwancss  for  parts  constitotinc  tha  co^potlns  slanact.  Randoa  arrors  can 

ohanfa  arbitrarily  In  tiat,  i.a.,  ba  randosi  fuiKtioos  of  tlaa  or  not  ohanfs  in  tias, 

i.a.,  ba  randoa  paraaaters.  DapandLln^  upon  tha  charaetar  of  proeasaae  in  tho  cobs- 
patlnc  alsapsnt  calculatioo  of  total  arror  oaa  ba  eondoetad  for  tia>  raglnss:  sVtady- 
stata  aud  t 'snsiant. 

Dotaminatian  of  dynaale  arror  is  si^nlfioantlj  siaplifiad,  if  coa  wara  to  usa 
oparatiowd  calculuf  (saw  for  instanco,  K,  I.  JCantororinh  ^.1).  Hars  it  is  pos»ib.l« 
to  raduoa  a  dynamic  prablaa  to  a  static  ona  by  tr«  .  .on  to  a  so-<iallad  rspraaanta- 
tion  circuit,  l.e.,  tha  circuit  of  a  coEipatinc  alasMot,  soaiposad  of  oparator  ra- 
siatancaa  and  the  «if  of  initial  ecsKlitiotis,  asauKinc  firat  that  tha  anplifier 

tha  coBputing  alsaant  is  ideal  (its  transfer  function  is  oonartant).  Soeh 

ticn  will  allow  ana  in  tha  baginnln^  not  to  worry  ab<^it  quaotiosM  of  stabil;*  of 
tha  ccnixttin^  aicasant  and  not  consider  finitanaas  its  pasnbana. 

If  the  conputinu  anplifler  idaalijr  axacutas  the  glran  aathasuitical  oparati  n, 
then  tha  connection  between  output  and  input  quantities  will  be  detem^nad  by  the 
relationship  (eee  Chepter  11,  page  61) 

V  .  .  0.1) 

•  ■“  Oi.  I  f  i)  ^  (  U 

l.t 

where 

fSd,  Mote.  Subscript  1  -  ideal), 

Tha  ras\ilt  of  tha  oathaBatioal  oparatioe,  aiaseutad  by  tha  oparatiasal  aaipllfiar, 
■ay  differ  Irosi  tha  ideal  (3.1)  <haa  to  errora  in  phyaiaal  raaliaation  of  tha  glean 
traaafar  funetione  due  to  tha  preasaas  at  tha  infmt  af  tha  if  llfiar  of 

an  aaf  v,  aquinLlaai  to  iustability  of  tha  aero  laral  at  tha  outpsrt  (so-caxlad 


•®ro  drift)  4nd  du«  tc  th«  pr«s8nc«  'n  ^nput,  voltagas  of  spuriou!*  high-frociuency  core- 
pcn*nt«.  Furlhemo;.** ,  ther«  cat,  Iruc^urai'i  set-  .p  of  input  dmtA,  for  ^xarapia, 
in  0*90  of  fa^in^  tha  oparatiofaii  Aripixfi*'*  from  potent lometric  (or  other  type) 
tr'^'nnducarB  of  tH*  invaatljj^itod  oquionont. 

Tf  ofri  tp  use  aquation  (),i  and  consider  the  ebove-mentioned  factors,  with 

the  exception  of  sptirious  high-fr'^'^aency  coespcnents  of  the  output  voltage,  then  the 
c-xinectior  oetween  outpdt  and  input  quantities  'or  tio  operational  t-tiilfler  can  be 
pi’«rented  in  the  fons 


i 


where 


1^  .«P>lr 
(h,  irM  .. 


Jt,  (rM. 


f  f 


[Sd,  Note,  SubBcrlpt  X  and  p  ■’  ideal  arid  real.  .^e«pectivsirl, 
is  the  transfer  functiOTi  fo’-  the  i- th  innut:  fh?  output  Yoltage,  caused 

by  inaccurate  setting  of  *ero.  the  Dasl^  of  <  )  th«  tra.ns'.>r  function  the 

signal  of  drift  is  detemdred  as 

e 


rhls  expression  indicates  why  It  is  necessary  to  nrisig  to  th«  input  o.’  the  arplifter 
the  signal  of  instability  of  the  sero  lerel,  measured  at  the  oatp'jt  of  t''-«  comput  ing 


element 


'  Am  *  • 

V  u- 


•  '  |v  j rW 

V 


n  'O 


If  th«  •rror  of  th«  q  aapllfier  It  MtU,  thtn  difftrt  little 

froa  lru«/’'l.  tnd  in  this  oAte  in  the  first  order  of  apfsdroodmticn 


2 1?'.  <#'>!»  +  ‘ 


1 


(3.4) 


Error  of  output  voltes  of  tne  eoaput^jig  elcnent  etn  be  celculeted,  if  one  were 
to  piece  in  "luetion  (3.2): 


#  #  i.  \f 

*M>I  ^  *  “'  Mf 

I fi( ~  I 

^^•1  (V  ~  I^U  ’^*’•1  I 


end  siibtrect  equation  (3.2)  froa  equation  (3.1). 

Ditregardlnc  product  of  iiicreaente  of  TeriAblee  and  their  equaret  at  eoapared 
with  the  increunte  thetelree,  we  ^!rlll  receiTe 


m.  m 

^•*.1  ^  2  2  I  f  U  i  r 

•  I 


(3.5) 


Error  in  the  vraaefer  fonctions  !;,((/>)  in  turn  deptwida  on  finiteneee  of  the 
a^iplifioation  factor ^  the  pretence  of  leaks  at  the  Input,  output  load  and  errors  in 
paraiastere  of  eleasnte  of  the  input  oircuit  and  the  feedVaok  oirouit.  Therefore 


I (?u 


-f  — 


^  .(f) 


ifr, 


^iSl} 


(3.6) 


Total  absolute  error  of  the  unit  here  will  be 


I  I 


(3.7) 


li-l 


Time,  total  error  ef  tho  eoepitiJic  bloek  oenaitte  of  a  maber  of  prlaiu^  arrore. 


-65- 


cAuced  by  in»ccur«t»  phy  icAl  of  c.h«^  dUi^rara  block  (ort-senca  of  isAkn, 

leak  &iid  %  ftnit®  ampllflcalior?  factor),  artora  of  inpi:t  qujuit  itlea,  errors  ir. 
s«t“Up  of  pArmawtors  of  input  imped&nees  and  fe'Sd^iack  r«si6t=M!ce»  arid,  fitSAily, 
presence  of  instability  of  the  *ero  l«rv«il  &ffd  inaccuracy  of  its  aet -up 


Determiri6tion  of  total  absolute  error  by  expression  (3.7)  is  possible  orvly  when 
the  value  of  all  primary  errors  are  knowi  beforehand.  In  reality,  separate-  primary 
errors,  being  random  variables,  can  take  in  each  new  cycle  of  work  of  the  block 
different  values  within  the  full  range  of  their  change. 

If  a  random  variable  has  &  normal  distribution  of  probabilities,  then,  as  tn, 
know  (see,  for  instance,  B,  V,  Gnedenko,  A.  Y&.  Khinchin  fl],  P,  L.  Chebyshsv  i'll), 
the  probability  that  its  aajdmuis  deflection  ^’•om  the  mean  v&lu®  exceeds  tho  quantity 
J:  (where  s  is  the  root -mean-square  devlection)  is  minute  and  conatitutos  0.27^, 

This  allows  one  to  take  as  an  appraisal  of  maximuin  deflection  of  a  random  variable 
from  the  mean  value  the  qxiantity  33  If  the  considered  random  variable  depends  Itsioar- 
ly  on  a  number  of  mutunlly  independent  primary  random  variables,  each  of  which  has 
a  noiml  distributicHi  of  probabilities,  then  its  naudaium  deflection  from  mean  value 
will,  ae  before,  lie  within  33.  but  now  the  average  and  root-msat-square  de.flectiai 
will  be  determined  rs  the  sum  of  mean  and  root-mean-square  deflections  of  the  pri¬ 
mary  random  variables. 

If  it  is  considered  that  iK,,.  i>  j.  ir,.  ir,  and  i'.w.,,  are  randexn  variables, 
then  the  nMud-wum  value  of  the  » jndon  coe^ctient  of  error  can  be  determined  from  the 
expression 


•Mt  < 


--  I  , 


I 


'  -r  3  \  U, 


(3.8) 


where  is  the  mean  value  of  error  of  the  output  voltage,  and  \  is  the 

total  root-aean-squar®  deflection. 

In  the  considered  ease  the  resultant  mean  and  root-mean-equare  deflectioii  can 
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th«»« 


V  ( ^M] / ;  >  a  ^V{-^fiLW  ka 

^  ^  I  tfr,j ; ^ ^ ',  ‘ ^ 


(3*9) 


-  „.|/o~”-Jfv(/'?- f ^V/^ii|%*  l;>.*-  Ci.io) 

-'  f'  '"  li  \ «>> w /  ' ^  yL  I (yr\ }  }*^r,  . 


-f  ^  i?i,(7»>if 


i 


*"'i(  •) 


)"■ 


@f  th«  SiSiSs  (^spactAties)  ami  4iap«rsloR  of  ooporoto  orror^i 

eaa  fea  f©B?sd,  ijglag  pr«p«?ti<»8  of  *  oruws  ncroftl  distpifeetis®  {Fig.  33)  losswlag 
tha  fecf^sadsjrla^  th«  fiold  ^  tolopsase  fo?  th«  coi&addiarod  me^^R  fSArlitblo#  (M,  G, 
^ruf^efe  ^1])*  Ja  ?lg<,  3S  ^  a936s  of  smt^m%99  are  plo«£9d  po^elblo  ksfri&timt 

%  and  thoir  erobabiXity  dfnait^  fC«a  ), 

<j» 

]^9«d»  if  ia  th«  fi«ld  &f  tol«nuisii«  distrlb«Eti«ro  l£.v  of  oppor  io  a  cyn- 
BStrloolly  loeatad  cvrmf  thm 

^  ?  .s  _  i ,.  ^^.  (3*ll) 

vhar^f  Ai  is  half  tho  fl^ld  of  tol«3mo«(^  aad  ^  and  ar»  algotxmle  bcwxiarlas  of 

th«  fiold  of  tolamsioo. 

Total  absolnte  orror  of  a  ooaputlRg  olmont  hop*  will  bo 

^•*<1  OtCT  ■^"  i  ®'***»«i  j  '^’ 

wbopo  is  th«  eywtOBitlo  orror. 

An  r^»  «ritori«i3si  of  aoooraoy  of  a  eoMpotlng  alMwit  it  ia  ia^aaitelo  to  take 
tha  abaoloto  waloo  of  merer,  eiaeo  aooupacy  of  work  of  tha  dawiaa  dapaoda  not  only 
an  abaalnta  arror  of  ita  ovtimt  qoantity,  Ixiit  alia  an  tha  ii^ua  of  tha  Mudjana 
ontpot  qaantity.  Ohaionalyy  tme  aqoal  ahaalvta  fmlaaa  of  total  arrer  tha  aoetumoy 
ia  highar  fbr  that  daviea,  for  wMoh  tha  ontpKt  qoaistity  ia  graatar. 


Fig*  33.  Curre  of  noraal 
distribution. 


mun  outjput  quftatity 


In  HMsuring  tochnology  for 

instance*  Yo^  G,  Shrasskov  [1])  there  is 
often  used  as  the  criterion  of  accuracy  the 
quantity  of  absolute  error  related  to  the 
aaxiMia  value  of  the  instruaent  scale  >><- 
the  relative  error.  In  oxir  case  this  will 
be  the  ratio  of  absolute  error  to  the  naxi- 


_ 

**wt.  mtx 


(3.12) 


where  is  the  laaxlBim  value  of  output  voltage  of  the  block. 

When  the  quantity  of  absolute  error  is  in  turn  a  function  of  the  output  quanti¬ 
ty,  i*e,,  hfia  different  issanings  at  every  point  of  the  instrunent  scale,  one  should 
use  the  particular  practical  and  integral  practical  criteria  offered  in  theories 
of  accuracy  of  nsohanisas  (N*  G,  Bruyevich  [1]).  The  particular  practical  criterion 
detendnes  accuracy  of  a  device  at  a  given  point  of  the  operating  range: 


I  —  ^^0*.  '.If 

^•CT■.  «Waf  ^  ' 

e  1... .  • 


(3.13) 


and  the  intagral  practical  oritericci  tUowe  one  to  estinate  acciu*acy  of  operation  of 
a  device  at  a  definite  interval  of  change  of  the  output  qxiantity 


v' 


*aMi  3 


/ 


'•wi  I 


He 


^•Mf 


(3.14) 


It  is  easy  to  prove  that  both  these  criteria  change  into  the  generally-accepted 
criterion  of  accuracy  (3*12),  when  does  not  depend  on  the  value  of  the  out¬ 

put  quantity  in  the  operating  range.  For  a  linear  cosiputing  element  as  the  criterion 
of  accuracy  m  usually  take  the  expression 


Gne  should  give  Indepmodent  mesning  to  the  absolute  magnitude  of  the  criterion 
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«f  cdMittoy.  By  ita  natvra  tMa  eritarl«s  oalj  «i  hpfmLmul  of  nrlaria  poa- 
•IbXt  oiTor  of  alaaont,  and  ilMroforo  allova  «a  to  aaapai'o  aarloaa  oMpntlag  alaaasata 
By  tholr  %oemwB7,  aaA  alao  to  a»pilaiw  tho  Met  aaltaiila  ntlMla  of  4oeroaiiliic  orrur. 
It  la  o^oae,  that  that  ooBfratiag  oloMBt  for  vbloh  the  aBcaitado  of  tho  aKproaoioii, 
takoa  aa  th''  .*iiorioQ  aoouraoj  takoa  tho  loaat  aaloo,  la  tho  boat  ooo, 

£teiaaa[..S:ym  a  -Saww^ifu 

Lot  as  conoidor  thoao  priaaiy  «rrers»  ahioh  dotondaa  tho  ■yatoaatlc  part  of 
error  of  a  eoapatlag  oloMat.  is  was  shoM  abooo,  thla  part  of  total  orror  la 
oaaaod  laaooorato  phjraioal  roaliaatlooi  of  tho  glaoa  traasfor  ftnatlaa,  baaloally 
duo  to  flnitaaoaa  of  tho  aaplifleatloo  faetor,  prooanoo  of  apnrloos  loaka  and  eapaei- 
tiro  eoapUBga  in  tho  elreuit  of  tho  eonpatiag  olaMot,  and  also  oMiag  to  latomal 
roaletaiioo  of  tho  last  oaooado  and  tho  load  on  ita  output.  Tho  ayatuaatic  part  of 
error  of  output  roltafo  will  bo  dotonBlnod  fran  tho  rolatlaaahlp  0*7)  t 

Dorloatlon  of  the  oxwofiioB  for  the  traaafor  fletlon  of  t?u  (/>)!,  .  Wa  will 
dofialtlao  oxproselon  of  the  traaafor  fenetlon  of  Uu^P)\r  rooolaod  In  i^oetioa  1 
takias  into  aoooant  tho  ahovo-antioMd  d5  stortin;  faetcra.  For  this  lot  aa  oanaldor 
tho  oquloalont  funetional  elroalt  of  an  opomtlonal  aapliflor,  ahoiiS  In  Plf •  34. 

Using  tho  nothod  of  finding  tho  traaafor  fuaetien  ahosn  In  Chapter  11,  wo  will  ro~ 
eolTo  for  tho  eonsidorod  ease:  tho  equation  for  tho  voltafo  of  error 


Fig.  34.  Fbnetlonal 
dlagran  of  an  oporw- 
tlonal  anpllflor. 


4- T  •••  -f 


(3.15) 
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(3.16) 


h«r«  irtntfttr  funetiona  fjj^(p),...,  ^  ^2(p)  ▼••lu«®J 

_  YniP) _ 

ft 

^  y.iin  <  >»(r>  ♦  Y,{p, 

I 


4 

V  »,,(;>) 

I 

_ rji  p)  _ _ 

.• 

V  r„(r>  f  YiiP)  i  Yiip) 

r 


\*»  /.j./j. 


/,(;»)  =  (-/-) 

\  /# 


•Ml 


.  •  r  A  *  o 


the  eqtiatlon  of  the  amplifier  taking  into  account  Internal  resistance  of  the  last 
cascade  and  of  the  load 


y»ir) 


1 - 


>t(r) 


ip)  -h  Ynip)  T  >,(/’) 


r  . 


(3.17) 


Ccnqaarlscn  of  expressions  (3«14)  and  (3.17)  with  analogous  expressions,  found 
earlier,  shorn  that  taking  into  account  internal  resistance  and  load  in  the  last 
cascade  leads  to  a  certain  decrease  of  the  total  amplification  factor.  Designating 
for  simplification 


r,(p) 


I  - 


YtiP)  1 

r.^nK  I 


>•(/•)  +  ^  >!<r> 


we  recelTS 


— 

V  r„ip)fi 

1 

I 

■  m  ^ 

1  1 

2^  Yuip)  T  YiiP)  *  ),{r) 

.  1 

1  1 

ytip) 

Here  Kj  ^  amslifioation  factor  of  the  amplifier  without  feedback, 

calculated  under  the  condition  that  in  the  output  cascade  T. — >^0;  K  is  the  ampli-> 

y 

fioation  faotOT  of  the  amplifier  without  fe«d>WMk,  calculated  taking  into  account 
the  dynamio  amplification  factor  of  the  output  cascade,,  but  under  the  condition 
that  there  is  no  external  load,  i.e«,  is  c<mduetance  of  the  plate 

load  of  the  tube  of  the  output  casoadoi  K,  ^  is  the  internal  conductance  of 
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tlM  t«bt  of  tho  OQilMt  04M«40 


Hodoo 

H  /ml  ‘ 

TT  -  (3,19) 

y r„(«  +  r,{,\ 4-  (/>  -—  -i~—  + 1 

Error  of  tho  phyoioal  roollMtioa  of  tho  troaofor  fuaotion  oon  bo  fowd  bf  cxprootion 
(3*19)  in  tho  font 


A?u  ip\  — 


y,j±p)  _^ip)y„(  p) 
y,iip>  y,ipi  y,(pi  y,ip> 


Ytip) 


_ 1__1 

ytip)  K\^{p)\ 


(3,20) 


Tho  oyot  ontlo  port  of  tho  oboolttto  orror  of  output  ooltofo  will  bo  horo 


_J _ L_  I V 

y^p) 


a;  -  -  V  Yuip)-  .  V  •  ' 

^  7^X7,  /  4  ^  7^ 

-I-  ►'j/(P)  4  *'3(p)-f  >'j(p) 

Rolotioo  i7it— tic  orror  will  bo 


C»Cf 
^wai.  Ml 


if>7  4. 


4- 


"  “  •f  y-uip)  Mr)  Ci.M^  ^  ^  '^mTmT 

t  y'i^P^  -  >:<< 


.L  -  »  lv>^H(r)  r.,, 
).(r)  K;Mr)  j -f  Wm. 


(3.21) 


(3.22) 


Lot  no  oonaidor  oooh  onuponout  of  orror. 

tor  of  ooodoctOMoo  of  tho  lapat  clrooit.  Thio  orror,  oo  oxproooioa  (3.22) 

■howB,  oihor  oooditlono  boiag  oqpMd  it  grootor,  tho  grootor  tho  — of  . . . . 

oad  tho  grootor  tho  tronilittioi  rotio  oot  cb  tho  ooafMiili^  oloMoi.  bror 

^  iap^  oontootOBoo  (ojotaouitlc)  onoUj  tokoo  pLooo  Earing  irpmt1nn  of  o  oob- 
patlag  oloMBt  oo  o  dlfforontUtor,  ito  to  tho  input  lo  oonMotoi  o  oopMitor, 
pooooooing  o  flnlto  look  rooietonoo  Ooui^Mtiini  trmtinlinni  of  tho  look  of 
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will  r#8«iT*: 


this  oapteiicyr  bf  Ay(p)> 


Ay  I  p)  ) 


(3.23) 


I* 


#-i  ««t,  ^ 


We  will  esiiniete  the  maclmws  possible  mlue  of  this  comporient  of  error.  Lot 


ail 

(for  stTTofleot  cepsicitors),  'Wien 


r*  ! .  K,  =  i  !0 '  Sho  ,  Ay  0,2  10  ’  ohio 


i#-..  «•«.  =  ~ -210"^  or  0.02  % . 


10 


Brror  of  eoiKhtctnee  in  the  feedbsek  circuits.  This  error  is  cAused  mainly  by 
the  presence  of  loak  In  the  oApacitor,  connected  dtiring  work  of  the  cenputing  eleeient 
fts  an  integrator  or  integrator-adder.  Here  v  ^  A^.  and 


'  i 


Aj  Y'  / 

Changing  to  originals  and  asswiag  that  e„,  ehanges  in  such  a  zasnner  that 
0  when  t  <  0  and  <  -  i  wtum  t  >  0 ,  m  will  receive 

Ay  Y  _1 _ 

'’•a^ 


tdienoe  for  sero  initial  oonditioos  we  will 


(3.2/,) 


At 

c-cn  = 


V  . 

i  I 


'2  ■ 


Thus,  error  due  to  leak  of  the  oepaeltor  during  work  of  the  block  as  an  into- 
g^ tor-adder  will  grow  pdrc^ortieaally  to  the  eioare  of  the  tiia. 

We  will  estinats  tiie  imgr,  tnde  of  this  cosponent  of  crroi'. 


Let  C  “  1  sderofarad,  n  -  1,  Ri  «  I  mgehm.  Then  in  the 


f-  «* 


o  t 


njs 
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BMUdigai  tiae  of  eolutloi? 


For  tx.  "  100  ooo 


'•M«.rani 


(3.25) 


ftror  <hio  to  fljtdto— ■■  of  tho  oimllifiootiop  factor  of  tho  OTltflor.  lYilo 
eeapoMot  of  orror  on  Um  toMio  of  oxfsroosioa  (3.22)  io  dotondnod  by  tbo  rolotlonohlp 

(f  "  i  1  (3.25) 

-  j [S  ^ r K.(..r r.,„ j  j  X 

V  V  >*»< 

ip)  fttt'.  au* 

Koro  along  with  a  fln^to  waloo  of  tho  MpUfloaiion  SuitWi  tboro  io  aloo  tahan  Into 
a4iooMnt  tho  infltioneo  of  load  }  (p)  and  loak  of  tho  grid  of  tho  lapot  oaaoado  of 
tho  oMpliflor  T,(p).  Siaoo  ttoaallj  faaiititp  on  ^  io  alwajo  loeo  than  ono;  tho 


infl 


of  load  oaa  bo  aooonniod  for  during  analyito  of 


,  oanood  by  flaitonooo 


of  tho  onpUfioation  factor,  by 


of  a  oorraoponding  dooroaao  of  tho  onplifioation 


factor. 


mdood. 


_ 


Horo  K,(/»)-|-K,(;»>  +  |K.(/»l.,^  Siiioo  aonallj  -  l(r^  nho,  -  10“^  iho. 


-  10^  oho  and  Tj  -  10 


\h»  qnantltjr  io  at  loaot  two 


loofl 


than  and  During  oporotion  of  a  oonpnting  oloannt  in  other  ro| 

thio  oonolnoion  ronaino  oorroot,  and  thoroforo  with  onffioiont  aeooraoy  it  io 


alhlo  to  oonoidor 


^TfTTfV 


Wb  will  introdnoo  tho 


of  tbo  roooltant  ongdlfloation  faotor  of  an 


*?>• 


•apliflcr  t«kixkg  Into  ooeount  lood  Since 


then 


^  1* 


^  .  V  _ !•  -  K  _  '  _ 

^  y^’  y  K»  0  mint*uiit  ~T  I  ^  (Jxl^Mi-tu* 


when  =  10* Vko.  k^-  !0‘V«o  end  y  io'*.*o 


“■  15  '  ®  ^  j 


Thus,  the  resultent  eaplificetlon  fector  when  (/?,)..,.  ,  *  10  kliohms  is  lowered 
33*^  as  compered  with  the  of^ee,  when 

We  will  now  estijnate  the  error,  eppeering  due  to  flniteness  of  the  velue  of 
the  eaiplifioetian  fector  for  the  heewieet  ceee,  when  the  opermting  eaqslifier  works 
es  en  integretor-edder,  eed  input  woltecee  chen^e  instentlj  bj  e  corstent  quentity. 
On  the  faeeie  of  (3.25)  when  K,<  12  “  Cp  end  -  0  we  will  receire 


Cp 


I  I  1 V  I 

rp  u.y>7  A ,  j  Mrf  A'  /  /- 


or,  cheoflng  to  orifinels. 


/v  »  |V  '  ’ 

"l-W  /  —  I-,,,  X..  A  /  O'.rA, 

\  1  I 


wf  ence,  for  eero  initiel  conditions,  we  will  find 


tmr'T, 


t  Y  ‘  V  '  "'■  < 

d.*.7  A7  m<*  k.„C  k  ,!  m 


(3.26) 


Thus,  dorlac  vnrk  of  e  conpatiiig  ele«eiit  ee  en  Intofretor^odder,  the  reletire 
error,  eeaeed  bj  finiteneee  of  the  e^plifieetian  f^rtor,  will  be  greeter,  the  less 


*In  this  equetion  there  it  not  oooeidered  the  delte<funetian  found  in  e  strict 
resolution  of  the  inltlel  equetion. 
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th«  •npli/loatlon  factor  of  th«  aapliflor  and  tho  grmXw  the  mlu«  of  th«  sm  of 
trasMisaioQ  mtioc  for  ooparato  ooipoMnt*,  Ikror  it  dirootlj  proportioiml  to  th « 
•qnar*  of  th«  tlM  of  IntofratloB.  If  abooloto  orror  of  ■neh  a  o«VMtiiic  «l«»nit  Is 
rolatod  not  to  th*  Tala*  of  output  Tolta^*;  but  to  Ui*  idaal  vain*  at  th* 

glT*n  Mwent, 


^•wt  ■ 


I 


as  this  is  doo*  in  Ilt*ratur*  (M.  A*  Shnaydsaa  0,  ICora  and  T.  Kom  [X]},  th^^n 
«xpr**sion  (3*26)  will  b*  sl^difiad: 

(3.^7) 


It: 


I  _  V  _  L  ' 


•MT  <»ci  0.67  Km  «iii  ^ 

I 


from  this  «xpr**aion,  in  partieuXaTf  eo*  can  d*t*ruinc  th*  r«qair«d  salu  >  of 
th*  aaplifioation  factor  *o  that  *rror  do**  not  axo*«d  a  gisaa  vala*: 


1  _  V  •  * 

0  67  W*  “**  ^ 

v.o/  j 


*h*0  t  -  fm  IW1  8«c,  =  0.01 .  H  -  5.  /?,,  ^  r=  A^,,  -  —  0.5  <i:o  •»,  C  1  m  i' 

we  will  receive 

K,  >  750UU 


Thu*,  to  cxscut*  th*  op*raticn  of  Intofratioe  of  fir*  ecapoMRts  during  th* 
p*riod  of  XOO  **0  tfith  *o«urac7  of  li  it  is  D*o**«ar7  to  har*  vui  asa>lLlfioatioii 
factor  of  th*  sf lifi*r  of  th*  ord«r  of  75,000. 

of  th*  aappUfioatiop  factor  of  th*  ocrratioaaX  aMrl,1fi*r  at  s*ro 
fraoiisnu;  A*  fr«ai  th*  *hor*,  insraa**  of  th*  aaqalifieatloa  factor  at  s*ro 

fr*qu*no7  oaus**  d*er«a**  of  «rror  of  oarrTini;  out  a  glran  nath«natioal  operation. 
Th^s  It  stpcoialX/  iaportant  dorlnt  th*  oporation  of  iatofration.  In  oconoetian 
with  this,  th*  wld*  spread  opiaios  that  th*  hifhcr  th*  anplifloation  factor  of  th* 
luplifliv  at  **ro  froquenej,  th*  hlfhor  th*  parforuans*  of  th*  o«aputlac  oluBHit. 


> 
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Howtt  If  Qtm  tnrtt  to  eonsldor  rwl  proportloi  of  tho  intogrotinir  cApiicltor,  thon 
It  is  postibls  to  aurriiro  »t  the  conclusion  that  thora  exists  completely  defini.ta 
mlue  of  the  factor  of  the  aaplifiarj  further  increase  of  which  no 

longer  has  t^rsctictl  maMng. 

If  0im  %«i*e  to  use  the  relatias&liip  (3.18)  and  substitute  in  it  pr^i  ininari  ly 
(taking  Into  account  les^  in  the  integratiitg  point  and  leak  of  tho  dielectric  of 


the  Lntegratlng  capacitor) 


*  i.  t>. 


that  by  siaple  traasforaatiana  w  wiH 


^Mt 


I  ’ -h  0  t- r  j  '  ^  ^ 


Vife  will  Introduce  the  c«^e|>i  of  the  effective  aapllflcatlon  factor  of  tne 
coi^niting  eleMMRt  in  a;*  i^tcgmtor 


A,,  -  J- 


Then  after  dlrlaioa  ol  the  n'a;j#rsi-cr  and  dmsceilaator  of  the  right  side  of  the  expres¬ 


sion  for  by 


K 


^  ;  we  fioally  will  receire 


f 

-  {]Q-^p,Cp  r  ' 

Thus,  the  ctrukiture  of  the  foraula  of  an  integrating  operational  aoptlifier  is 
kept  dtu'iag  cenaideration  ef  inperfecticn  of  the  integrating  capacitor  ajnd  leaks  at 
the  aaplifier  input.  O^ly  the  value  of  the  effective  aiglifioation  factor  changes. 
It  is  obvious  that  to  lower  error  ooe  oust  eoea  Iwrease  , 

The  lii^t  valvrs  of  attelreci  at'en  a.  . 
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W«  idll  datemiiM  that  valu*  of  the  eapH/loAtioci  factor  K  1C*  of  the  *^>11- 

•  y 

fler,  with  which  >  will  differ  free;  the  limit  walue  by  not  more  than 


From  the  fonaula  for  tk 


>  •:  P 


it  directly  follows  tha 


'9(  >. 


"v  \ 

■  Rj 


JO 


(3.29) 


T)m8,  tha  maaimaw  Ta)'  ^  of  the  aKpllficat..cn  factor  of  the  aispllfler,  takini; 
into  account  imperfection  of  the  integral in»  capacitor  at  aero  frequency,  miirt  not 


be  taken  higher  than  ?0 


A?. 


3 .  Randop  Cocaponente  of  Error  of  a  Cogputlng  gl^aent 
The  Bain  comDcnente  of  the  rancioa  part  of  error  of  a  cos^tir*^  element  are  in¬ 
stability  and  inaccurate  setting  of  the  iexx>  lerel  of  the  output  eoitage,  presence 
of  haneonics  in  the  output  Toltage  and  inaccuracy  of  setting  of  resl  stances 


"li 


and  Zj. 


ji  r  df>-, 

--  -o  i;.' 


I — 

i  r-i - \ 

lij  . 


“1 

S'w-i, 

.-i 


Fig.  3>.  Cki  the  quest  lew 
of  aero  drlXt  of  the  oper¬ 
ational  amplifier. 


Instability  of  the  aero  lewel  Is  »»hat 
we  usuailj  call  variable  roltage.  appearing 
at  the  output  of  operational  amplifier 
wlt^  closed  at  a  cobwoci  point  Liip*  t  imped 
ances  (Fig.  Appearance  of  voltage 

at  the  cnjtput  of  the  operational  aa^^iifler 
in  the  absence  o?  voltage  at  Input  can  iare  the  following  causes: 

1)  instability  of  power  euppliss  of  tha  amplifier; 

2)  change  of  enlttlTig  proi>er^ie8  of  cathodes  of  electron  tuaee; 

3)  presence  of  grid  cur  wnts; 

4)  mrlatlod  of  paraawters  of  element s  of  the  as^pllfler  circuit. 

Oseally  this  falee  output  Toltage  is  lead  to  the  Input  of  the  amplifier.  >;  the 
oasis  of  (3.4) 


I 


:3.30) 
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For  f««dinf  d~c  Amplifltre  w  uBU&lly  apply  titjibillaed  sXectrcrdc 

r«pctifier9  with  «n  accuracy  of  ml/stwniJtca  of  of  0,1  lo 

Chftng»8  of  th®  »iid88ioii  eurr«ni  of  »lm%rxsn  tub®®  plaos  both  with  h'rh 

frequepucT  and  alee  v«ry  ulmdf  (K»  A,  K^ptso^  [11;  ^  is  both  by  the  actual 

nat ’r«  of  tt'&wi.onis  ed.s®i<5n:  and  by  oscillations  of  filasncnt  vciu^s. 

For  operational  amplifiersi  eh^vgas  of  th®  a^lision  current  hare  the  gr«katest 

importance.  'Rjey  lead  to  ar,  eqtdvalent  change  of  grid  bia®  of  the  elactron  tube, 

the  / 

Thu®,  for  aaauiipie,  for  tub®  df^/^idValont  cl-jaaigo  of  bias  with  a  cbarige  of  filament 
voltage  by  +  lOf  ie  210  lailiiTolt  iV„  I.  Svshkovich  [1]), 

As  we  knm  (see,  for  instance,  V,  F.  Vlasov  [3.]),  even  witn  negative  voltage  on 
the  grid  of  an  electron  t'sbe  in  the  grid  circuit  the,'^  can  leak  both  positive  and 
negative  grid  curisfjt*  Let  us  COTsider  in  simplified  fom  by  the  diagrim  of  Flg„  35 » 
the  influence  of  grid  current  on  the  out|»it  voltage  of  the  operatloml  a^f^pliTier, 

One  part  of  the  grid  current  floors  In  the  input  impc^nceSj  and  th®  other  -■»  in  the 
feedback  resistance.  Therefore 

4  /j. 


where  A  "=  As  4- /u -r  •  •  f /„  is  the  total  current,  branching  in  the  input  impedances, 
If  the  conductance  of  the  input  circuits  Y^2#  ^hen 


Y22  ■'  •  •  •  ^  Yyjj  and  current  vdll  be  equal  co 


*"■ 

Current  7j  one  can  detomine  from  the  relationship 

/j  KjJJU’j  ~  jl 


(3.31) 


(3.32) 


Considering  that  we  determine  from  equations  (3.31)  and 

(^.32)  the  quantity  of  the  grid  current; 

=  f  A',)! 

/g  —  A/,  Fwi.  [ •  y (I  f  A y » j . 
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I 


t- 


(3.33) 


Th®  preeenco  of  gri'i  currant  causes  tha  *pp€*r*nc*  of  aquimlant  ToltAge  oa  the  in¬ 
put  of  th«  arepljLfiar,  With  a  iarga  K_,  whan  ~rh-(\  i-  Ar,)>>  !.  it  ia  pocilblo  to 
casBidar  that 


‘i 

y,K 


>■ 


(3.34) 


I’h.ua,  with  &  large  aapllficAtion  factor  grid  current  causes  leas  change  of  the 
e<5ulval.«nt  grid  bias,  the  leas  the  reeiatance  of  the  feedback  circtait  and  greater 
tbs  aja^slificatlon  factor. 

T^ie  absolute  and  relative  value  of  error  of  the  output  voltage,  caused  bj  tha 
presOTfC®  of  grid  current,  we  will  deteraine  frcei  expression  (3.34)  in  the  for® 

if  -  't 

4  ~  y  and  i  --  Y  "7 .  • 

Let  Ig  *•  0,1  sierctffipere,  T2  "  ®  10^  mho,  Ky  50,000,  »  100  v, 

4^*  -  2.10-^  V,  or  2  sttcrovol  t.  Then 


>9-1 "  *  V  ,*«nd  4 


By  itself  voltage  is  minute.  However  its  t^iarmful  infiuonce  can  notlctsably 

develop  during  work  of  the  operational  amplifier  as  an  integrator. 

Indeed,  if  in  eqtAtlon  (3.34)  we  substitute  Y2^P^  “  ^  assume  that  grid  cur¬ 
rent  is  constant,  then  we  will  receive 

ZpK, 

Changing  to  originals,  we  will  have 


whanoe 


“W/  ""  Cky  ■ 
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with  eonstADt  grid  eurr«nt  «nd  Ab9«nc«  of  YoltAgo  on  the  input  the  Tolt«g«  At 


the  output  will  linearly  increaee  in  tiaa: 


•wt.  i 


U 

'C 


(. 


The  relAtire  error  of  output  voltage,  caused  by  the  grid  current,  will  be 


ftg 


ftMt-  1 


4  * 


(3*35) 


vdien  Ig  "  0.1  •  10“^  a,  C  ■  1  «  10“^  f ,  for  the  solution  time  tj. 
^  «w  \ .  :iu  i  *  ICK)  ▼,  we  will  receive 

1  ~  J0“u  . 


These  results  show  the  necessity  of  m^iriwim  decrease  of  the  quantity  of  grid 
current.  This  can  be  attained.:  for  example,  by  selection  of  a  corresponding  magni¬ 
tude  of  grid  bias,  introduction  in  the  grid  circuit  of  a  corresponding  compensating 
Yoltcge,  or  application  of  first  astplifier  stages  of  tubes,  working  in  an  electro¬ 
metric  reglflw  (L«  I.  Bayda  and  A.  A.  Semenkovlch  [11). 

The  action  of  grid  current,  instability  of  tube  emission  and  oscillation  of 
power  supplies  can  be  considered  the  action  of  equivalent  voltages  of  interferences, 
coupled  in  the  grid  circuit  by  the  corresponding  caacades.  In  the  presence  of  nega¬ 
tive  feedback  the  effect  of  these  disturbances  on  the  output  voltage  will  differ 
depending  on  the  place  of  application  of  the  disturbance  (A.  A.  Riskin  [1]).  For 
proof  of  this  proposition  let  us  consider,  as  an  example,  an  operational  aispllfler, 
consisting  of  three  cascades  (Fig.  36).  Following  the  above  method  of  determination 
of  the  transfer  function  of  the  operatiorial  amplirier,  we  will  write  the  equation 
of  the  ni  snatch  indicator 


r, 


(3.36) 


and  the  equatitm  of  the  channeX  of  amplification  of  the  error 


(3.37) 


-iOO“ 


Aft«7  rabstitotln^  frm  <»quftilan  (3*36)  in  Aqaiitlon  (3*37)  w*  vlll  rscsiva 


A.’(A|/Cj  ^ 


vTvy-; 


1  -f  A,K,Ki  -r 


1  _ 

I  -r  A,  A  A, 


K,KjKt 

'*  T 

A, 


(3.38) 
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5  r  A  A,K,  V 
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1  ^  KjK^Kt 


z 

r\  1-  rt 


>3 


i  V 

With  &  ynaiirj  l^rge  r«sult«nt  ALspilflc  '  m  fftotor,  »<h*n  lAA'Aj  * 


:>i. 


tm  will  r«c9iT3 


~  ^  Ki")! x:  x.A,  ■^''v 


(3.39) 


The  ••eond  Addend  In  this  expreesion 
repressnts  the  error  in  output  roltAge, 
CAused  by  the  aaf  of  the  distorbAnce  in 
the  grid  circuits  of  sepArAta  cAscAdes. 
Frosi  this  expressic**.  it  follows  that  the 


Fig.  36.  Three-CAscAde  operAtional 

ABplifier.  effect  of  ApplicAtion  of  disturbAnoe  is 

less  the  further  froa  input  the  disturbAnee  is  Applied.  In  coanection  with  this 
with  A  lAjrge  total  aaplifloation  factor  the  Toltage  of  the  plate  supply  of  the  last 
cascade  sny  be  in  general  not  stabilised.  At  the  seas  tins  the  greateo-t  influence 
is  caused  by  disturbances  applied  in  the  first  cascade,  and  therefore  one  should 
take  all  possible  steps  to  elininate  causes  of  appearance  of  the  eof  of  Interferences 
in  the  first  cascades. 

Variations  of  paraastera  of  eleasnts  of  the  aapllfier  circuit  usually  proceed 
eery  slowly  even  In  the  case,  where  the  circuit  is  assead>led  froa  resistors,  and 
therefore  they  can  be  considered  during  tuning  of  sero  ewery  tiae  before  beriru^xr^ 
the  operation  setting<^p. 

In  eleetfiaaie  aodels  setting  of  sero  is  cooduotsd  with  the  help  of  a  ailli- 
Toltaster,  connected  at  the  output,  and  aaidwai  absolute  error  doee  not  exceed 
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+1  mv  i^ichy  when  f,u»  m4^  ~  ICX)  v,  constitutes  *  O.iXJijU.  This  error  is  more 

aubstant^nl  during  work  of  the  operational  amplifier  as  an  integrator.  Thus,  for  exam¬ 
ple,  with  a  transmission  factor  =  1  during  the  time  t  =  ICXJ  sec  error  will  be 

HL 

~  0. 1  *i . 

Srror  in  settins  the  tranandselon  mtioe  of  the  operational  eleiBent  is  deter¬ 
mined  depending  upon  the  construction  of  the  Installation  or  by  the  maxinnsB  deflec¬ 
tions  in  values  of  resistance,  or  error  in  the  given  method  of  checking  tranmission 
ratios.  During  operation  as  an  integrator  the  accuracy  of  setting  of  tranf^mission 
ratios  depends  also  on  the  allofwance  for  the  capacitance  of  the  capacitor. 

This  analysis  of  primary  systenatic  and  random  errors  of  a  computing  element 
allots s  us  to  formulate  a  number  of  conclusions,  from  which  directly  ensue  design 
requirements  for  the  aiiiplifier. 

1.  Greatest  error  is  caused  by  the  finite  value  of  the  amplification  factor 
and  instability  of  the  sero  level  In  the  adder  and,  especially,  the  adder*>integrator 
regimes. 

2.  In  order  to  have  small  error  due  to  finiteness  the  amplification  factor, 
one  must  select  an  amplification  factor  for  the  amplifier  as  large  as  possible  (at 
least  50-75  thousand)  and  limit  the  transmission  ratios,  set  on  the  computing 
element. 

3.  It  Is  necessary  to  turn  special  attention  to  decrease  of  leak  between  the 
input  (grid)  and  output  tendnals  of  the  computing  element.  Resistance  of  the  insula¬ 
tion  should  be  as  great  as  possible.  Here  it  is  very  expedient  to  separate  input 
(to  the  integrating  point)  and  output  circuits  by  a  ground  shield.  This  can  reduce 
leaks  which  exist  In  the  circuit  of  the  operational  aagslifler  and  wtiich  shunt  the 
capacitor  during  work  as  an  Integrator,  to  leaks  between  the  integrating  point 

and  the  ground  and  the  output  and  ground. 

4.  During  selection  of  capacitors  for  the  feedback  circuit  or  input  of  the 
a^lifier,  one  should  use  capacitors,  possessing  the  largest  leak  resistance  and 
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iMtt  diclactrle  aft ^r-tf fact.  At  pfwait  th«  Boat  luitAbla  for  thlt  purposa  are 
poIjrstTrane  or  stTroflax  capBoltore,  Tfeo  ratad  oapaeitanea  of  th«  oapaeitor  can  b« 
suatainad  at  praaant  tdth  arror;  not  excaading  0.1^« 

5»  Oaa  aa  acourata  aathoda  of  aattlng  c-f  trananlsaioa  ratios  as  possibla  (for 
axMqila  brldga  mathods). 

6.  For  stabllisatioa  of  tha  aaro  laral  it  is  naeassarj  to  proride  naausras  of 
ooapanaaticn  of  drift  in  tha  first  easeada  and  to  faad  tha  installation  fros  stabi- 
lisad  powar  supplies.  To  dacraasa  tha  quaatity  of  grid  currants  it  is  dasirabla 
that  tha  tuba  of  tha  first  cascade  have  a  low  n  (that  tha  distance  froa  grid  to 
cathode  is  as  great  as  possible),  low  plate  eurrer.  low  Toltaga  between  tha  plate 
and  cathode,  lowered  Talue  of  filaaent  roltage  and  a  negatiwe  bias  at  least  1.4  t. 


-103- 


CHAPTER  IV 

DIAGRAMS  OP  0-C  OPE3UTIGNAL  AMPLIFIERS 

1«  Ba«1c  R»quir<aeoto  Pf— ntad  to  OpormtioMd  Aarolifl^rB 

S«leetiQn  of  .he  diagrea  of  the  d-o  aapUfler  in  auqr  reepeote  ie  determined 
by  thoee  roquireaents  which  are  presented  to  it  as  to  the  eonputer.  These  require- 
itents  basieallj  osn  be  reduced  to  the  following. 

The  aaplifier  shcmld  be  built  hy  an  asyanetric  diagram  with  cne  comMog  pole. 
Tnir  simplifies  setting-up  the  problem*  since  it  allows  one  to  ccnnset  the  opera¬ 
tional  amplifiers  in  the  installation*  switching  only  one  pole  (lead). 

The  signal  at  the  output  of  the  operational  amplifier  should  r'speat  the  input 
signal  in  such  a  manner  that  with  a  sero  input  signal  there  is  a  sero  output  si^ml 
and  with  a  ohaage  of  sign  of  the  input  signal  the  sign  at  the  output  would  change 
accordingly.  In  the  asyametrlc  diagram  of  the  amplifier  this  requires  in  the  output 
cascade  an  additional  source  of  ocnstant  soltage.  The  operational  amplifier  should 
consists  of  an  odd  number  of  oasoades,  changing  sign*  since  with  this  it  ensures 
the  additional  operation  of  multiplioation  of  the  input  signal  by  —  1  and  simplicity 
of  realisation  of  regatiYS  feedback. 

The  total  a^ilifioation  factor  of  the  amplifier  is  selected  depmding  upon  the 
required  accuracy  of  work.  For  applioativsi  in  general  purpose  simulating  instal¬ 
lations  it  should  not  be  lower  than  70,000.  This  walue  of  the  amplifiqation  factor 
of  amplifier  ensures  almost  ccnplete  indepsndenoe  of  work  of  the  ocmputir^g  elasmot 
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froB  v&rlation  of  pBr«Mt«r8  of  th«  aotpllflor  *nd  low  tbIu*  of  th«  output  roslstAnce 
which  facilitates  connection  of  ccoiputini^  elaawnta  aaong  theaselree  and  with  oth*  r 
equipBwnt,  and  also,  as  analjels  shows,  saall  error  (less  than  l^C)  of  work  as  an 
adder-integrator  during  sumation  of  up  to  fire  coaipanents  with  a  tranaalsslon 
factor  If  -  2  for  each  conponent. 

In  the  diagraa  of  the  awplifler  there  should  also  be  prorided  aeasures  of  de¬ 
creasing  sero  drift.  Zero  drift  constitutes  the  basic  error  of  a  coaiputing  eleawnt 
aade  of  d-c  amplifiers  ard,therei ore.  during  dsrelopswnt  of  ths  amplifier,  especially 
its  first  cascade,  then's  should  be  'rtisidered  the  requirement  of  obtaining  Binimum 
drift.  For  operational  amplifiers  of  electrcmlc  models  of  general  application  the 
▼oltage  of  drift  at  the  output  must  not  exi.'*ed  a  magnitude  of  1  2  millirolt  for 

10  minutes  with  h  transmission  factor  of  the  cosq^  .jig  element  equal  to  unity,  and 
during  work  as  on  integrator  with  a  transmission  factor  cf  unity  —  must  not  exesed 
k  magnitude  of  100  ellliaolts  for  100  sec. 

Along  with  a  high  amplification  factor  the  operational  amplifier  should  possess 
a  sufficiently  wide  passband.  Thus,  for  example,  for  general -purpose  simulating 

installations  it  is  desirable  that,  in  the  presence  of  negative  feedback,  a  trans- 
itlesion  factor  of  one  and  output  voltage  100  v,  the  amplifier  has  a  gain-frequency 
response  with  a  slump  of  3  db,  starting  from  a  frequency  of  B  —  10  ke.  The  wider 
the  passband  of  the  amplifier,  the  greater  posMibillties  the  operational  amplifier 
will  possess.  In  particular,  <wi  d-c  amplifiers  with  a  wide  passband  there  can  be 
built  sSjBulating  installations,  working  both  in  natural  tims  scads  (B.  Ta.  Kogan  Ul), 
and  with  artificial  repetitive  operation  (1..  I.  Outenoakher  f2]).  The  requirement 
of  a  high  amplification  factor  and  a  wide  passband  are  in  contradiction  with  the 
requlrmMnt  of  stabilitj  of  the  amplifier  in  the  coverage  of  its  negative  feedback. 
Therefore,  in  the  amplifier  diagram  there  should  be  provided  correcting  circuits,  en¬ 
suring  such  a  character  of  the  gain-phase  respoase,  with  which  the  aaidJLfler  is  not 
self -excited  in  the  various  regimss,  covered  by  negative  feedback.  Of  large  va.'ue 
in  this  respect  is  correct  location  of  elements  on  the  amplifier  chassis,  ensuring 


the  shortest  grid  connections,  end  the  leest  leek  between  verious  circuits. 

Decreese  of  leeks  else  hes  essentiel  meening  with  respect  to  llieitetion  oi  the 
eaplitude  of  spurious  eltemeting  volteges  at  the  output  of  the  aaplifier.  For 
nonsel  work  of  en  enplifier  es  e  coetputing  element  it  is  required  thet  the  emplitude 
of  eltemeting  voltege  et  the  output  does  not  exceed  severel  millivolts.  T'' 
insulete  input  circuits  from  the  output  is  most  simple  end  relieble  with  the  help 
of  coi*rect  shielding  of  wires  end  seperete  units  of  the  circuit  end  grounding  of  the 
corresponding  perts  of  the  emplifier.  Here  leekege  between  input  end  output  cir¬ 
cuits  is  redistributed  on  leekege  between  the  integreting  point  end  the  ground  end 
between  the  output  end  the  ground.  Such  e  method  of  combetting  leeks  hes  received 
the  neas  "ground  insuleticn." 

The  emplifier  during  coverege  by  negetlve  feedbeck  should  ellow  connection  of 
loed  with  the  input  iapsdence  of  the  order  cf  10  kilohms  &nd  else  ensure  lineer 
dependence  of  the  output  voltege  on  the  input  within  ±  100  v. 

The  forauleted  requirements  cen  be  reelised  with  the  help  of  e  three-cescede 
d-c  emplifier,  eeseabled  by  esj—wtrie  dlegrem.  Diegrems  of  operetionel  amplifiers 
known  from  the  litsreture  heve  much  in  comnon.  Seperete  diegress  ere  distinguished 
by  the  given  method  of  decreasing  sero  drift,  the  principle  of  constructim  of  input 
end  output  oescedes,  the  types  of  tubes  applied,  ratings  end  number  of  stabilised 
power  supplies.  In  certain  cases  for  the  purpose  of  increasing  the  total  empiifice- 
tion  factor  there  ie  used  introduction  of  local  positive  feedbeck. 

Wh«fi  operational  amplifiers  ere  used  with  e  toted  trensadsslon  factor  of  one 
as,  for  example,  for  eeperetlon  of  circuits,  for  feeding  loops  of  ths  cscillogrepn 
or  for  coupling  the  integrator  with  other  equipment),  it  is  possible  to  select  a 
to;.el  emplifieetlon  factor  without  feedbeck  of  the  order  of  2500  to  5OOO,  which 
signifloently  simplifies  the  dlegrem. 

By  amthod  of  eliminetlng  sero  drift  it  is  possible  to  divide  ell  diegrems  of 
deoleive  amplifiers  into  two  groups:  with  peremstrlc  eompensetion  of  sero  drift  end 
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autonifttlc  control  of  the  *ero  lerel.  To  decrease  »ero  drift,  caused  by  instability 
of  power  supplies,  they  usually  realise  plate  supply  froa.  electronic  stabilisers, 
ensuring  accuracy  of  maintenance  of  the  constancy  of  soltage  of  the  order  of  0.1  tc 

o.on, 


2,  Diagra.-ns  with  Parametric  Compensation  of  Zero  Drift. 

Operational  amplifiers  with  parametric  compensation  of  sero  drift  aro  made  in 
two  modifications.  In  one  of  them  in  the  first  cascade  an  auxiliary  cathods  follower 
is  used,  and  in  another  the  first  cascade  is  built  by  a  diagram  with  a  series  coupled 
triode.  A  typical  diagram  of  in  operational  asq>lifier  with  compensation  of  drift  by 
a  cathode  follower  is  in  Fig,  37.  The  amplifier  consists  of  throe  cascades.  Th< 
first  cascade  Is  assembled  with  a  double  triode  of  type  6N9.  The  left  part  of  the 
tube  is  used  as  the  amplifying  part,  the  right  is  connected  in  the  circuit  of  the 
cathode  follower  and  serves  for  compensation  of  *ero  drift,  caused  by  change  of  fila¬ 
ment  voltage  and  oscillations  of  the  emission  current. 
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rig.  17.  Diagram  of  an  operational  amplifier 
with  compensation  of  drift  by  a  cathode  follower. 

KEY:  (a)  Input;  (b)  -Xitput. 

During  change  of  filament  voltage  or  emission  current  simultAneously  changes 
the  current  of  the  right  triode.  Voltage  drop,  which  here  is  singled  out  on  r«- 
sisrtance  ^2  has  a  stabilising  effect  the  c'arrent  of  the  left  triode. 

Dependir.g  upon  tne  position  of  t.he  cursor  on  resist-ance  the  coefficient 
of  negative  feedback  of  the  right  cascade  *'snged,  and  consequently,  the  magnitude 


'.•!  a  v'-'  v  -f'vn'l ;  t <  n  f'.r  ao '’iBlment  of  a  of  catnod®  «tabl - 

Illation,  'f  >  n«  w«ra  to  ana'im®  that  th"  rl»?ht  and  left  triodee  poesees  identical 
characteristic?  of  Sncadescence  and  identical  internal  roaiatances  R.  ■  R.  ,  then 
arrive  at  a  more  sliViple  relationship 

1  -  (5,  -  S,i)R,  0 

Magnitude  usually  is  selected  from  calculation  of  pormlasible  lowerin>»  of 
the  amplification  factor  of  the  first  cascade,  and  the  resulting  condition  is  satis 
fied  by  selection  of  the  proper  position  of  cursor  of  the  divider  magnitude  a  : 


a 


T^ese  expressions  show  that  performance  of  the  considered  circuit  depends  on 

identity  and  stability  of  characteristics  of  both  triodes.  When  S.  »  S  we  arrive 

t  2 

at  the  expression  '"nown  from  literature  (see,  for  instance,  L.  I,  Bayda  and  A,  A. 
Seaienkovlch  fl],  A,  M,  lonch-Bmjmvich  (1]): 

K-i  „  .1. 

3, 


It  is  necessary  to  note  that  specifics  of  the  work  of  an  operational  aasplifier, 
consisting  of  the  fact  that  input  signal  »•,  is  luinute,  facilitates  compensation  of 
drift  by  the  considered  diagram,  since  current  1^^  changes  in  very  narrow  limits, 
and  consequently,  can  be  considered  a  practically  constant  magnitude. 

In  Fig,  39  is  presented  an  experimentally  received  dependence  of  the  change  of 
output  voltage  of  an  amplifier  on  change  of  the  current  of  incandescence,  *’Yon 
the  figttre  it  follows  that  cathode  stabilization  acts  not  quite  synmetrlcally.  If 
characteristics  of  cathodes  of  both  halves  of  tubes  strongly  differ,  it  can  be  that 
one  cannot  satisfy  conditions  of  cathode  stabilization  it  is  recoamended  to  subject 


the  cathode  of  the  first  tube  to  aging. 

The  second  cascade  of  the  amplifier  is  maue  of  a  pentode  of  type  6Zh8.  Coupling 


b«tw®«n  c*8c»defl  is  c4rri<Kl  out  »rith  lh«  h«lp  of  «  brldg*  circuit  (Fig,  40),  for»®d 


by  two  stAblllsoci  power  Bupplies  4nd  and  reslstajices  R^,  k^,  *nd  for  the 
second  tube  and  and  R^  and  Rg  for  the  third  (Fig,  37). 

Resistance  R  and  R  one  can  deter- 
mine  froa  known  (L.  1.  Rayda  and  A.  A. 
Sensenkovich  [11)  expressions: 


lO  ‘tu.X 


Fig.  39.  Influence  of 
change  of  filaaent  voltage 
or  change  of  oijtput  vol- 

Uge. 

!CEY:  (a)  Change  in  out¬ 
put  voltage,  mv;  (b)  ^ 
load  voltage,  t. 


there  is  given  magnitude  e  . 

«2 


/A 


(4.3) 


'■-'4'-  u. I 


(4.4) 


if  we  know  value  of  R  ,  R  and  E  and 

I  P  0 


Resistance  R^  is  usually  executed  consisting  of  two  parts:  one  unregulated 
and  other  adjustable.  The  adjustable  part  serves  for  setting  the  aero  of  the  ampli¬ 
fier  and  should  ->«  sufficient  in  magnitude  for  compensation  of  variation  of  parameters 
of  elements  of  the  circuit  (in  connection  with  spiread  within  allowance),  and  also 
to  consider  the  possible  range  of  spread  of  characteristics  of  the  tubes. 

The  third  cascaie  usually  is  con¬ 
structed  on  a  powerful  beam  tetrode  (6P-2, 
6P-3).  Obtaining  of  output  voltage  of 
both  polarities  is  attained  by  connection 
in  this  cascade  of  a  source  of  voltage  of 

Fig.  40.  Diagram  of  inter¬ 
stage  coupling.  —  190  V,  The  diagras*  of  the  third  cas¬ 


cade  is  presented  in  Fig.  41 • 


^  —  resistance  of  tube  to  direct  current 


In  the  «r  *n[  re  oi  load,  output  voiUMje  can  be  found  fpoM  the  reiationahlpe : 


t 


I 


Hence 


A-. 


(1».5) 


With  an  input  voltage,  equal  to  »ero,  the  operating  point  is  selected  in  such  a  man 
ner  that  ' 

This  will  take  place  when 

,  '  -  .  (4.6) 


Limits  of  change  of  output  voltage  can  be  found,  if  one  considers  two  limit 

cases:  the  tube  is  completely  locked  and  completely  unlocked*  In  the  first  case 

* 

and,  consequently, 

f...  >r,  .100  V. 


In  the  second  case  from  characteristics  of  the  output  tube  for  given  load 

and  U  we  find  A’  [ ' 
a  /o 


4.1*  Diagram  of 
output  cascade. 

KEY:  (a)  (Xitput. 


For  tube  6P3  when  U  »  300  v, 

*1 

U-  -  190  V,  R.  -  10  kiloha,  U.  ^  25  v, 

*2  *  ^ 

*  40  aa  and 


IXiring  connecwlon  of  external  load 
Halts  of  linearity  accordingly  narrow. 
We  will  estimate  the  influence  of 


load  for  the  gene’-al  case,  when  to  the  output  la  connected,  besides  ohmic  resistance. 


Also  A  sourcA  of  mU*  with  a  glTon  IntemAl  rosistAnce.  Thin  tAkea  plAca  in  a  nunber 
of  cAsea,  when  to  the  output  of  the  op«'*AtlonAl  Amplifier  is  connected  the  cir¬ 
cuit  of  A  diode  functiooAl  converter.  EqulvAient  schemes  of  the  outf  \t  cAscAde 
for  the  two  limit  CAses,  when  the  output  tube  ia  completely  locked  or  completely 
unlocked,  Are  shown  in  Fig.  42. 

In  the  first  CAse  we  obtAin 


e 


*ut 


•l 


+  F. 


I 


(4.7) 


in  the  second  cAse 


(4.8) 


AnAlysis  of  these  expressions  shows  thAt  Introduction  of  loAd  in  the  fora  of  a 
source  of  eaf  loAds  to  Increase  of  the  asytBBotry  of  limit  values  of  '  .-t  The 
lirlt  cf  positive  vAluea  Increeses  with  positive  E  and  decreases  with  negative.  The 
limit  of  negative  values  of  rice  versa,  decreases  with  positive  value  of  E 

and  increases  with  negative. 

The  considered  diagram  of  the  output  cascade  extx'emely  uneconoaiically  expends 
the  power  of  the  power  supplies. 

Indeed,  when  the  power  consumed  by  the  load  is  equal  to  sero,  from  power  sup¬ 
plies  there  is  put  in  half  the  maxiBsss  value  of  the  power; 

d  (■  (’ 

iP  )  -  -  *■  *  *  *' 

0  1’,  ■ 


During  work  at  load  it  is  possible  to  estimate  the  eecHMOiy  of  one  or  another 
diagram  of  the  output  'ascade,  introducing  the  concept  of  average  efficiency 

-  -  (4.9) 

^  '  I*  • 

f  •iTp  Cp 


^  ^  A. 


T'i* 


is  the  average  va.Luo  of  power,  fed  to  the  load,  and 


MB 

^  ^»nrp  i*Ht) 


*^awi  ■« 


in  the  average  power,  conmimed  by  the  output  cascade  from  high-voltage  sources, 


?lnco 


,,  ..._  and  ,, („  + 


for  the  given  case  we  will  receive 


^ m»t 

3 


(4.10) 


When 


■  Rh  ■  10  kllohais  -  300  v,  -  190  v  and  „„  -  100  v,  i  2,ZH. 

-  —  Significant  advantages  froa  the  view- 

n  point  of  economy  of  power  consuapticm  of 

Y  M».  **-  'T  power  supplies  are  presented  by  the  dla- 

w'  w 

j  gran  of  an  output  cascade  shown  in  Pig.  43 

«>  (V,  V,  Gurov,  B,  Ta.  Kogan,  A.  D,  Talantsev, 

f  T  '  -]-  '  r  ”i  Vs  Ae  fX]|^e  Xu 


T'l 


0»- 


Fig.  42.  Fkpiivalent  dia- 
grmas  of  the  output  cas¬ 
cade  for  two  lliidt  oases. 


resistor  is  replaced  by  electron  tube 
Selecting  initial  biases  on  tubes 
.7,  and  .7, ,  it  is  possible  to  attain  a 
stats  where  at  a  aero  input  signal  ws 
receive  equal  ourrents  through  .7,  and  .T, 


20<, 

Beffide-  A  nij^«r  •fficisncj,  iruch  An  output  oAtCAd*  Alto  poatotttt  thAt  Ad- 
▼AntAgs  that  it  aIIowb  us  to  lowtr  ApproxiitAttly  4  tiiMs  th«  poiMir  of  toufctt  of 
plAts  tnppl^. 

CapAcitors  C  ,  C  And  C  in  tho  Amplifier  circuit,  depicted  in  Fig.  37,  eerre 

2  i  4 

for  correction  of  the  gain-phAse  reeponse  for  the  purpoee  of  eliminAting  the  poe- 
sibility  of  self-HuccitAtion  of  the  Amplifier.  With  cAreful  fulfillment  of  euch  Am¬ 
plifiers  And  feeding  from  stAbilited  sources  with  acoutacj  of  mAintenAnce  cf  con¬ 
stancy  of  ToltAge  of  the  order  of  ^  0,05%  we  can  reduce  lero  drift  to  1  to  2  nilli- 
Tolts  (ToltAge  of  drift  is  brought  to  input). 

As  example  of  a  circuit  with  compensation  of  tero  drift  by  a  series  couples 
triode  let  us  consider  the  diagram  of  an  operational  amplifier  C.  A.  Meneley  and 
C.  D. Morrill  [i](,  presented  in  Fig.  45.  The  operational  taplifier  here  is  made 
of  four  cascades. 


Fig.  45*  Cperational  ai^lifier  with  use  cf  a 
series-balaaeing  input  cascade. 

The  first  cascade  is  Assembled  by  a  series-balaneing  circuit,  the  eecond  cas¬ 
cade  — >  by  in  A  paraliel-balaaolng  circuit,  the  third  — >  by  a  "subtraotar”  circuit 
and  the  fourth  —  by  a  circuit,  analogous  to  the  circuit  of  the  output  caaoade, 


^Aagjliflers  of  this  type  (UPT-4  end  UPT-12)  enter  Into  a  mmiber  of  electronic 
analog  Inetallatiano.  See  I.  M,  7ittenberg  [1]. 


of  t.h«  *bo»«  consiiwr^d  Mnsiifl^r.  urp^r  t  j*>e  of  rh«  -^wrlwet-tAiAnc  j 

c«?CAd«  It  is  possibi**  to  congl'^.er  as  a  plAte  ioAd  »rlth  squiTAiwt  r<*«l  s'tA'Ki* 

V  U  .  >  U  i  .  i.  (U.  I'.) 

w  k  ^ 

where  R  is  the  internal  resistance  of  tube,  H  .  —  the  resistance,  connected  in 

^2  ■  2 

the  cathode  circuit,  »  ~  the  amplification  factor.  Here  the  amplif icAtion  factor 

of  the  cascade  K  *  can  be  found  from  consideration  of  the  equiralent  dia- 

1 

(?ram  when  R  •=  R  and  Ri  =■  R,  .  : 

il  t2  ■  ^  <2 

^  ; 

With  application  of  tube  61^8  one  can  obtain  i  10. 

If  the  characteristic  of  both  tubes  are  identical,  then  with  a  constant  input 
voltage  increase  of  filament  voltage  evokes  identical  increase  of  current  in  the 
upper  and  lower  tubes,  and  consequently,  identical  change  of  grid  voltage.  Therefore, 
the  fixed  distribution  of  voltage  on  the  tubes  win  not  change.  The  circuit  of  the 

first  cascade  can  be  consider*ed  a  bridge,  two  arms  of  which  are  formed  bj  tubes  ^ 

and  27,  two  other  —  by  resistances  ^10'  and  connecticvi  with  the 

fact  that  during  change  of  incandescence  resistarjce?  of  tuboo  7,  and  ./  change 
the  same  magnitude,  the  voltage,  removed  from  the  diagonal,  remains  here  constant. 
Likewise  this  voltage  will  not  change  during  change  of  the  magnitude  of  feeding 
voltage. 

If  characteristics  of  both  halves  of  the  tubes  soamwhat  differ  in  incadescence, 
then  it  is  possible  to  bring  them  together  by  means  of  change  of  resistance  in  clr- 

cults  of  the  cathode  of  the  upper  tube.  Changes  of  input  vol  age  on  tube  .7  are 

minute  due  to  the  presence  of  negative  feedback  and  a  large  amplification  factor  of 
the  amplifier.  Therefore,  the  bridge  is  practically  always  in  balanced  state. 

7)ie  aecond  cascade  of  the  amplifier  is  made  according  to  the  circuit  of  an  asTm- 
metric  parmllel-baLancing  caecade.  In  the  absence  of  a  lignal  both  grids  are  under 


id*n.icAi  pc'^ntlftis  with  r«Bp«ct  to  th«  ground.  If  ch*nict*rlft Ic  of  th«  tu£>*«  v*c3 

load  r«8lBt4nc*8  and  R  ara  Idantlca' ,  at*"  '  rfant®  In  the  tu&ee  will  oe 

8 

eqtial  and  the  output  Toltage,  obtainad  ae  the  dlffarance  of  pcJtwstiale  hrtwaari 
points  a  —  L  and  e  —  d,  will  ®qual  loro.  Change  of  potential  of  tha  grid  of  the 
left  half  of  the  tube  leada  to  a  change  of  plate  current  of  this  half  of  the  tube, 
and  consequently,  to  change  of  the  Toltage  drop  in  resiataace  This  erokes  change 

of  plate  current  of  the  right  half  of  the  tube,  opposite  In  sign  to  the  change  of 
plate  current  of  the  left  half  of  the  tube.  As  a  result  between  points  a  —  t  and 
e  —  d  there  appears  a  diffsrence  of  potentials,  whoso  8l.gn  depends  on  the  polarity 
of  the  siimai  applied  tc  the  grid  of  the  left  half  of  the  tube.  Potentials  at  points 
a  —  b  will  change  syametrically  only  in  the  case  of  large  values  cf  resistance 
The  aapliflcation  factor  of  the  cascade  can  be  fotind  Trca  calculation  of  the 
equivalent  circuit,  i/hen  the  tubes  have  identical  characteristics  and  paraaeters: 

•*  k,  t-  k,,  .  H...  A*,  .  k,,  T  A’,  ■  k  ,  •  i-f  ,  A*.,  r  ^ 


the  expression  for  the  aoplif icaticn  factor  can  be  obtained  in  the  fora 

*  A',  ♦  k  ,  .  k  , 


(k.U) 


Thus,  the  aaplif icatloo  factor  of  this  cascade  is  calculated  lust  as  for  the 
triode.  With  application  of  tube  6»9  we  can  obtain  IC^  • 

The  third  cascade,  besides  amplifying,  should  prorlde  reverse  transition  to  the 
asjaMtric  circuit.  It  Is  aads  by  t  e  known  diagraa  (A.  A,  Sckolcnr  fl],  [21)  of  a 
differential  aisplifler,  called  a  "subtractor'’  circuit.  Output  voltage  of  the  cas¬ 
cade,  taken  frca>  resistance  R2I  OQto  the  grid  of  the  fourth  cascade,  should  be  the 
awpllfled  difference  of  potentials 

T^e  aaplifioation  factor  of  oascads  can  be  approxlaately  found  frow  the 


expression 


ff 

''•i 


(4.15) 


Here 


/?  =  ^ii) 

^1*  “f  +  /?ii 


The  tot4i  amplification  factor  of  the  cascade,  obtained  with  use  of  the  tube 
6N9,  constitutes 

AC,=  i9. 

The  fourth  cascade,  made  of  a  beam  tetrode,  is  built  similarly  to  the  output 
cascade  of  the  operational  amplifier  considered  earlier.  [>  ring  use  of  tube  6P3  and 
^22  “  kilohms  we  can  obtain 

A'«=  17. 

Thus,  the  total  amplification  factor  of  the  amplifier  constitutes 

AT,  =  /C,  -  A',  •  A,,  •  AC«  ^  !0  25  •  19  .  17  80  000. 

With  well-selected  tubes,  according  to  the  data  of  C,  A.  Meneley  and  C,  D.  Morrill 
''ll,  the  sero  drift  brought  to  the  input  is  less  than  200  microvolt  hour:  noises 
on  the  output  do  not  exceed  0,3  millivolts. 

The  frequency  characteristic  does  not  introduce  phase  and  frequency  distor- 
tions  in  signals  up  to  1000  cycles  (with  a  transmission  factor  of  10), 

3.  Diagrams  of  Operational  Amplifiers  with 
Automatic  Stabilisation  of  Zero  Level 

Operational  amplifiers  with  automatic  stabilisation  of  sero  level  are  based 
on  the  known  property  of  systems  with  negative  feedback  to  decrease  the  effect  of 
external  disturbances,  Influencing  elements  covered  by  feedback.  Indeed,  from 


^e  authors  do  not  Indicate  the  magnitude  of  the  amplitude  of  the  input  signal. 


-118' 


expr«88icin  (3.39)  it  followi  thAt  th«  output  aAipiitud*  consists  as  if  of  two  caQpo« 
nsnts:  one,  dateminod  by  the  input  m^^nituds  And  ths  fivsn  Iaw  of  its  conroTiiloTi, 

And  the  other,  error  CAused  by  disturbAncas  to  the  systsB,  The  netrer  to  the  input 
of  the  ayste®  the  disturbAnce  is  Applied,  the  greeter  the  error  it  will  cAuse  In 
the  output,  Decresse  of  effect  of  Application  of  the  disturbance  ie  directly  prO” 
portionol  to  the  aaplificatior  factor  of  the  section  treat  input  to  the  place  of 
application  of  the  disturbance. 

Considering  aero  drift  as  a  certain 
equivalent  disturbance,  brought  to  the 
input  of  the  cperatlonal  anplifier,  it  is 
possible  to  show  that  the  connection  between 
the  integrating  point  and  the  aain  d-c 
anplifier  (Fig.  46)  of  an  aikiitional  aag)!!- 
fier,  to  widch  in  principle  there  is  not 
inherent  aero  drift,  ahould  lead  to  de¬ 
crease  of  the  drift  voltage  bf  tiws, 
where  ■—  is  the  anplifieation  factor  of 
the  additional  anplifier. 

The  additional  anplifier  can  be  huU.t 
on  the  principle  of  Modulation  of  input 
voltage,  subsequent  anplifioation  by  an 
a-e  anplifier  and  denodulatlon.  It  is 
isost  rational  here  aa  noduLaior  and  denod- 
ulator  to  use  an  electromechanical  ribrator,  since  all  electronic  circuits  and  cir¬ 
cuits  vith  the  application  of  dry-disc  rectifiers  possess  significant  sero  drift. 
However,  series  coupling  of  an  additional  anplifier  by  the  diagnn  of  Pig,  46  turns 
out  to  be  not  too  rational,  since  slnnltaneoualy  with  decrease  of  aero  drift  it 
leads  to  sharp  narrowing  of  the  paasband  of  the  anplifier  due  to  the  equation  of 


Fig,  46,  Skelet'Vi  diaigratt  of 
an  operationa]  anprifjer  with 
series  coupling  of  an  au:d.l'jary 
aapUfier.  1  auxlliwry  am¬ 
plifier,  not  poesesslng  aero 
drift,  2  —  riain  d  <  anplifier. 


Fig.  47.  Skeleton  diagran  of 
an  operaticffial  amplifier  with 
parallel  eomeetlon  of  the 
auxiliary  amplifier,  K  — 
Auxiliary  amplifier,  —  the 
sain  d-e  amplifier. 
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n«c®a8ity  of  operating  at  a  coBtparativeiy  low  carrier  frequency,  determined  by  the 
possibilities  of  electromechanical  yibratora.  More  rational  is  the  circuit  diagraaa 
of  the  additional  anplifier,  shown  in  Fig.  47.  In  considering  this  dlagrva  one 
should  keep  In  mind  the  circumstance  that  the  disturbance,  equivalent  to  »ero  drift, 
changes  comparatively  slowly  and  by  force  cf  this  ‘  .tarrow  pasiiband  wne  addition¬ 
al  amplifier  is  not  an  obstacle  to  limitation  of  sero  drift.  Indeed,  at  low 
qviencies  of  the  input  signal  it  is  possible  to  disregard  parallel  coupling  for  by 
signal  f,  and,  thus,  the  circuit  is  equivalent  to  that  brough  in  Fig.  46.  At 
signal  frequencies,  lying  beyond  the  limits  of  the  passband  of  the  additional  ampli¬ 
fier,  it  is  as  If  the  circuit  formed  by  this  amplifier  is  opened,  and  there  is  ac¬ 
complished  transition  to  the  ordinal^  circ\ilt.  This  eliminates  the  deficiency  of  the 
circuit  of  Fig.  46  and  provides  the  possibility  of  work  cT  the  operational  anplifier 
in  a  comparstively  wide  range  of  input  signal  frequen^'les. 

We  will  derive  the  relationship  between  th*  outpui  voltage  of  such  an  operation- 
al  amplifier  and  input  for  a  given  conductance  of  the  input  circuit  and  femiback 
circuit.  Following  the  method,  stated  abovs,  we  'fill  receive 
the  equation  of  the  mismatch  indicator 

'u  (P)  t  /JP)  (4.16 ) 


where,  as  before. 


/u(p) 


_ 

»  >»(>) 


is  the  transfer  function  of  the  input  circuit,  a 


/j(p) 


_ __ 


is  the  transfer  function  of  the  feedback  circuit; 


«For  aimplification  of  computatlonn  we  consider  that  to  the  input  th'^re  is  fed 
only  one  variable. 
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th«  audn  channel  of  the  ayaten 

-  AfJ(p)llI  (4.17) 

where  Is  the  static  ampllfleatlon  factor  of  the  aain  d-e  aa|ilifler,  f(p)  is  its 
transfer  function.  K|  —  the  static  aaplification  factor  of  the  additional  d>«  an- 
plifier.  f|^(p)  ~  its  transfer  function. 

SolTing  equations  (4.16)  and  (4.17)  for  we  will  receive 

-  _  r  _ _  (4.18) 

-  /ii  V  K,/{p)ll  -h  k,/,  (>)|/,{P)  ^ 

Ko/ipUi 

**■  >  +  K,/(p)ll  4  A  /  {/.)!/,(/>)  • 


If  the  aopllfication  factor  is  selected  so  large  that  for  tl.e  operating 
range  of  frequencies  in  the  denoainator  of  expression  (4.18)  it  is  possible  to  dis* 
regard  unity  as  ooaqpared  with  the  nodulo 

l^,i/(/»KI  -f-  f<J,ip)\/,(p)\, 


then  equatiwi  (4.18).  taking  into  account  expression  for  transfer  functions  f^ 
and  f^  can  be  presented  in  the  form 


r>i{p)z  - 


YtiP) 


+ 


51  +  K./.  (r)l 


y,ip) 


(4.19) 


From  the  resulting  expression  it  follows  that  error,  introduced  b/  sero  drift,  for 
such  an  operational  amplifier  will  be  [1  >  K^f2^(p)l  times  less  as  oompared  with  an 
operational  amplifier,  not  supplied  with  an  additional  amplifier  (K^^  *  0). 

Furthermore,  at  low  frequencies  the  total  amplification  factor  of  the  aain 
channel  sharply  increases. 

Indeed. 

=(« 

^en  1 

^r4m~  ^1^0- 


If  ■  1000,  and  Kq  =  30,000,  we  obtain  *  50»10^.  The  great  total  amplifica¬ 

tion  factor  of  the  main  channel  leads  to  decrease  of  error  (especially  during  work 
of  the  operational  amplifier  as  an  adder),  caused  by  the  limited  value  of  the  am¬ 
plification  factor, 

Ckie  typical  diagram  (b.  A*  Goldberg  [1])  of  such  an  operational  amplifiers  is 
shown  in  Fig,  48. 

As  can  be  seen  from  the  figure,  as  the  main  amplifier  there  is  used  a  somewhat 
modified  d-c  amplifier,  shown  earlier  in  Fig,  37.  In  this  amplifier  the  diagram 
of  the  first  cascade  was  subjected  to  a  aaall  change  and  there  were  introduced  other 
correcting  circuits  (Cj^,  R^;  C2,  R^;  Rjj^;  C3,  Rj^q^* 

The  input  of  the  additional  amplifier  is  connected  to  the  integrating  point  Z 
through  filter  ^13*  connecting  capacitance  C^,  and  the  out¬ 

put  after  doeodulatlon  (right  half  of  the  rlbrator)  i?  connected  through  smoothing 
filter  C^2«  ^23  ^  eathode  follower  of  the  first  cascade,  utilised 

in  the  given  eirouit  as  the  adder.  The  filter  at  the  input  of  the  auxiliary  am¬ 
plifier  serves  to  prevent  penetration  into  the  asqalifier  of  alternating  current  of 
higher  harrsonios  of  voltage  r.  ,  multiplee  of  the  connutatian  frequency  of  the  vibra¬ 
tor,  and  the  filter  at  the  output  —  for  smoothing  of  the  pulsating  voltage,  re¬ 
ceived  after  half  wave  rectification  by  the  vibrator.  The  cosiparatively  low 
coomutatlon  frequency  (frcn  50  to  400  e)  and  parameters  of  mnoothing  filter  limit 
the  passband  of  the  auxiliary  amplifier  by  approximately  a  frequency  of  S  c.  To 
avoid  self -excitation  of  the  a-c  amplifier  and  decrease  of  inductions  there  is  re¬ 
quired  thorough  the  shielding  of  the  vibrator  leads  fssding  its  contacts,  and  also 
such  adjustmsnt  of  the  span  of  contacts  and  aispllt'jds  of  vibration  of  the  armature, 

with  which  is  ensured  work  with  "coverage"  of  contacts. 

During  work  as  a  seals  smpliflsr  with  a  transnisBion  factor  PC  -  I  (Z^  -  Z2  *  R) 

*Ampllfisrs  UPT-10  mads  on  a  similar  diagram,  sntsr  into  ths  easqpwsition  of 
electronic  analog  P<PT-y. 
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such  an  oparatlonal  aaplifler  according  to  souroo  ■atarial  (E.  A,  Goldberg  [1]) 
has  a  passbandt  up  to  a  100  kc.  Zero  drift  broiii^  to  the  input  here  doee  not  exceed 
50  mieroTolts. 


Fig.  kS,  Fundaaental  circuit  of  an  operational  aa|3li> 
fier  with  autonatic  control  of  aero  lerel. 

I  a.'u ■;  •  I  «c«.  }  «a«.  >  .>^1  «o«.  4. r  ..'u pv 

ff,  if,^4,7«/o«.  ff.'Uaoa. 

3l»i  «o  /?,!■>  I  «o  a.  if..  »•  j  910  •  if,,--  *  0  ao  a.  if.,  .-•.I’  aoa.  if,  -  -  I  a<ua.  *^4^'  eu  a. 

jfi,  *  €.9  aoa,  ifa—*t  a.oa,  ifu  —  I.)  a.-oa,  C.Mtoa,#.  C|— lOa^,  C)— ^.*>aa#.  C«— iWa^. 

C,-C«— U,l  aa^.  C,  0.U-,  aa#,  C,-C,-ii.l  990.  C.,->C,,  =■  990,  C.i-l  990* 

♦Editor's  note:  utom  “  Mohn;  kom  ■  Xotan;  nt  ■  pf;  UKt>"'“fa 
In  projecting  the  auxiliarx  anplifier  one  should  consider  the  neoeseitj  of 
proTiding  negatiye  feedback  for  low  froqaency  signals.  Iherefore^in  the  presence  of 
the  auxillai7  anplifier  it  is  neoessanr  to  be  sure  that  this  ineq^alitj  ie  obeerred 

A',Ag<0. 

Since  Kq  <  0»  then,  consequently,  should  be  greater  than  tero.  The  eiipi  of  the 
asplifioation  factor  of  the  auxiliary  aaplifier,  as  follows  fron  analysie  of  the 
diagran  of  Fig.  kB,  is  detendned  by  three  fa  toret  the  nwber  of  easoades  of  the 
a-e  anplifier,  idtich  change  eign,  the  aethod  of  comeetion  of  the  elbrator  and  the 
character  of  eoaiation  of  signals  by  the  aain  anplifler. 

ihadMr  of  anpllfler  stages  can  be  eren  or  odd.  With  aa  odd  of  oaaeadee 

output  Toltage  of  the  aaplifler  has  a  reseree  phase,  and  ocneoqasntly,  eoltago  afUr 
the  deaodulator  has  a  reverse  eign. 
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Dopwidlng  upon  th»  conntruetion  and  circuit  diagram  of  th«  vibrator  it  is  pos¬ 
sible  to  cauTy  out  ccivmitation  of  input  circuits  (modulation)  and  output  circuits 
(demodulation)  in  the  aiame  a-c  half  period  (conrutation  in  phase)  or  with  shift  by 
one  half  period  (coonutation  in  anti-phase).  In  the  first  ease  the  sign  of  output 
voltage  does  not  change,  in  the  second  case  —  it  changes  to  the  reverse.  Finally, 
summation  can  be  carried  out  In  cathode  or  date  circuits  of  the  first  cascade  of 
the  main  amplifier.  During  sunmticm  in  the  cathode  there  is  carried  cut  c-imration 
of  s  gnals  of  main  and  auxiiiary  amplifiers  vd.th  opposite  signs;  during  s\immation 
in  plate  circuits  —  with  the  same  signs. 

In  the  considered  diagram  of  Fig.  46  Is  used  an  sven  number  of  amplifier  stages, 
connutation  in  anti-phase  and  sumnation  in  the  cathode  circuit  which  ensures  an 
even  number  of  changes  of  sign  in  the  amplifier  (modulation  —  demodulation) 
and,  consequently,  fC^  >  0, 

It  is  possible  to  carry  out  other  variants  of  circuits  (A.  D,  Taiantsev  fl^), 
in  which  the  total  amplifica  ion  factor  of  the  auxiliary  amplifier  remains  larger 
than  sero.  For  example,  it  Is  possible  to  make  an  a-c  amplifier  with  an  odd  number 
of  cascades,  connect  the  vibrator  to  the  circuit  of  antl-phaae  coranutation,  and  to 
carry  od  suasstion  in  the  plate  circuits  of  the  firrt  cascade  of  the  main  amplifier 
or  with  an  odd  number  of  cascades  of  the  a-c  amplifier  carry  out  coomutatltm  in  phase 
and  sumnation  in  the  cathode  circuit. 

With  an  even  mai^r  of  cascades  it  is  possible  to  have  also  a  variant  with 
comrautation  in  phase  and  sunmatioo  in  the  plate  circuits  of  the  first  cascade  of 
the  main  amplifier.  This  variant  is  not  of  practical  interest. 

In  Fig.  49«  and  b  are  brought  fundamental  circuits,  showing  how  new  variants 
of  circuits  are  realised. 

Use  of  an  odd  number  of  cascades  removes  the  inclination  of  an  a-c  amplifier 
(with  an  even  masber  of  cascades)  to  self -excitation  due  to  spurious  coupling  be¬ 
tween  input  and  output  and,there'iyialloife  one  to  facilitate  work  of  the  vibrator, 


sine*  the  necessity  of  Adjustment  with  "cowering”  of  oor^  k  <  n  dmps  And  lerge  Am¬ 
plitudes  of  oscillAtion  of  the  Armeture  connected  with  it.  During  summation  of 
signals  in  the  plAte  of  the  first  CASCAde  of  the  main  Amplifier  it  is  possible  to 
us*  A  vibrAtor  of  ordinary  construction  with  cammutaticn  in  Anti-i^se.  Summation 
in  the  cathode  circuit  requires  Application  either  of  two  wibrators,  or  one  special 
one  with  a  split  inuolated  armature  and  two  pairs  of  contacts  (Fig.  50).  The  dia¬ 
gram  of  &£.  opcratiorwxl  a&plificr  with  such  a  witoator  is  shown  in  Fig.  51.*  As 
Yibrator  in  the  circuits  of  Figs.  48  and  49  there  can  be  used  both  special  electro¬ 
magnet  le  interrupters  and  ordinary  polarised  relays. 


Fig.  49.  Variants  of  circuits  of  operational 
amplifiers  with  automatic  control  of  sero  lorel. 
1  —  main  d-c  amplifiers,  2  auxiliary  ampll- 
fiers. 


Fig.  50.  CLeetrcmag- 
netie  interrupter. 


Applieation  of  eleotromafnstic  inter¬ 
rupters  has  the  adrantrge  that  they  gir*  a 
doubled  or  quadrupled  eansutaiion  fre¬ 
quency  of  the  current  feeding  their  winding, 
(Fig.  49ia  and  Fig.  49b  aceordingly)  and 
th^by  decrease  interferences  with  the 
frequency  of  the  network.  At  the  same  tism 
eleetrcaagnatic  interrupters  require  more 
thorough  shielding  of  the  ecntaet  ^rsiem 


•It  is  applied  in  Uie  analog  installatioo  of  the  Aoade^r  of  Seienees  of  the 
USSR,  type  BMO-4. 
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fz*on  the  coll  and  its  laad  wires,  since  currents,  which  It  must  pass  for  creatlcm  of 
electronagnetic  forces  o.i  the  armature,  generate  a  notlcea  le  field  of  scattering. 
Polarised  relays  in  this  respect  have  the  advantage  that  the  magnitude  of  vari¬ 
able  magnetic  flux  in  their  magnetic  system  Is  significantly  less.  Comparison 
of  electromagnetic  vibrators  and  polarised  relays  shows  that  the  level  of  inter¬ 
ferences  In  the  M-DM  are  approximately  Identical,  if  In  both  cases  we  use  for 
feeding  of  colls  source  of  non-standard  frequency  (for  example,  120  c  for  the  relay  \ 
The  fundamental  circuit  of  an  operational  amplifier  with  polarised  relays  as  the 
vibrator  of  the  M-Wf  amplifier  and  econcodc  output  cascade  is  shown  In  Fig,  52. 


51.  Diagram  of  operational  amplifier  with  electromag¬ 
netic  interrupter  (Fig,  50), 

!CKf:  (a)  Input;  (b)  Output 

An  electromagnetic  vibrator  without  adjustment  of  contacts  for  "covering"  can 
also  be  used  in  the  circuit  of  Fig.  48,  but  on  the  condition  of  thorough  shielding 
of  contacts  and  the  armature  so  thit  leak  between  input  and  output  of  the  a-c  am¬ 
plifier  is  reduced  to  leaks  between  the  input  and  the  ground  and  between  the  output 
and  the  grour^.  (N.  N.  Lenov  (1)). 

vAy  this  diagram  were  made  the  operational  amplifiers  of  electronic  analog  QfT-s 
of  the  Acadeiqr  of  Sciences  of  the  USSR  (see  V.  V.  Gurov,  B.  Ta.  Kogan,  A.  0. 
Talantsev,  V.  A.  Trapeanikov  fl)). 
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This  BMthod  of  crsabatting  betwMn  th«  input  and  output  of  tho  «<•«  aapXi- 

fler  li  useful  to  use  ideo  in  circuits  with  an  odd  nuaber  of  cesoades  for  reavral 
of  spurious  negatlre  feedback,  lowering  in  thie  case  the  aaplifieation  factor 
of  the  a>c  amplifier. 

Connection  of  1000  pf  capacitors  between  the  fixed  contacts  of  the  rlbrator 
(relaj)  and  the  connon  point  also  helps  to  reaore  the  above-^lndleated  spurious  coup> 
lings. 

The  amplification  factor  of  the  auxillaiT  amplifier  at  sero  frequency  it  is 
possible  to  present  in  the  form 

(4.20) 

where  k  ^  is  the  tranaonission  factor  o'  the  modulator  taking  into  account  the  input 
filter,  ^  the  natural  amplification  factor  of  the  a>c  amplifier  at  the  carrier 
frequency,  the  transmission  factor  of  phasing  circuit  at  the  m-c  amfilifier 

output,  the  transsdssion  factor  of  the  demodulator  taking  into  aeoount  the 

output  filter. 


Fig*  52.  Fundamental  circuit  of  operational  am> 
plifler  with  a  polariaed  relay  as  rlbrator  of  the 
N-DN  amplifier  and  econonie  output  eaaeade. 

a, ‘•SHt  c«a.  #1  •  i.u  I*.  #1 '  :r.‘i  ./•*  a, .  Mu «•«. 

a.  — •.!  «o a,  —  MO  «•«.  St  n  a.-'  *.■••  a;«i.»#M». 

ai.  — 7a*  a.a**7'7  mtom,  a„<'l.0  •.'oa.  a.^l  ’  a,  tl 

a.~UB«««;  a..~).o  «*••,  0^  }.9  a.  *,■.  a,  1.1 
a»<*  W  C.'v  Ml  h#.  C,  9**  •#.  C.  C,  trtK  aa 

C,>iku  o*.  C.oO.'O  a*a* 

KKT:  (a)  Wedulator  damednTator  roltage. 

•  Editor's  nets:  mrom  -  HQ;  kom  -  kQ;  uMf)  “  ef. 


Analysifl  of  the  work  of  the  modulator  together  with  the  Input  filter  ehowe  that 
the  form  of  Toltage  on  the  grid  of  the  input  cascade  of  the  a>e  amplifier  in  a 
steady-state  regime  will  haee  the  form,  shewn  in  Pig.  S3* 


Ordinate  of  pulses  one  can  determine  from  the  ofanrioue  relationships; 


(4.21) 


where  t  is  the  period  of  work  of  the  vibrator,  Tj^  “  "h  R^)  —  the  time  constant 

of  the  circuit  with  opened  contact  of  the  vibrator,  T2  “  ^3^2  “  the  time  constant 
of  the  circuit  with  closed  contact  of  the  vibrator.  The  remaining  designations 


are  shown  in  Pig.  53.  Solution  of  the  system  of  equations  (4.21)  gives: 

t 

,‘Tf7  _  1  — I- 

/T(7r*7;)_, 


(4.22) 


/¥(-r  *■>;)_  I 


II  ,  ff, 

,  aU,  /./_!  I 

Usually  parameters  of  the  input  ciretiit  are  selected  in  such  a  way  that: 


Here  for  approximation  of  the  transmission  factor  of  the  modulator  it  is  possible 

to  consider  that  at  the  amplifier  input  there  will  be  fonsed  a  pulse  of  rectilinear 

« 

form,  whose  amplitude  is  0.4  i*;')- 

«Hore  accurate  derivation  of  relationships  for  calculation  of  transfer  function  of 
input  circuit  of  H-CM  amplifier  see  D.  E.  Polonnikov,  Input  elesients  of  electronic 
amplifiers  of  autocoopensators.  Cand.  dissertation,  lAT  Academy  of  Sciences  of  the 
USSR  (1956)}  I.  C.  Hutcheon,  A,  M.  I.  Nsch  E.,  IVoperties  of  some  D.  C.  —  A.  C. 
Chopper  circuits.  Proe.  IKE,  N  6,  Sept.  (195/)* 
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P  Is  opsTif  b  —  contact  P  is  closed. 

Thus,  the  tnittal  trmnsBission  factor  of  the  tsodulAtor  Ich“  0,k» 
slsslon  factor  of  the  output  phasing  circuit  (R^^C^)  (Pig.  52)  st  the 
modulstion  '*>,  will  be 


The  trsns- 
fre<iuency  of 


k 


*• 


i 

I  •  f  I  ’ 


(4.23) 


where 

.  (.  .  I)V  •  ^ 

•  X..  t  *  'oA-,, 

The  walue  of  /?/.',  te  choeen  fro«  the  condition 

ten  *■ 

where  is  the  angle  of  phase  shJJt.  introduced  by  the  a-e  sr^tfiir  at  the  fre¬ 
quency  of  coBHutation  ».  ^ 

Ths  Bore  the  phase  of  output  roltage  is  shifted  by  the  aavxlifier,  the  greater 
•hettid  be  the  tiae  constant  in  the  output  correcting  circuit  and  the  rreater  the 

lowering  of  the  tranMissien  factor. 

When  -  0.004  sec  and  2~/  .MOs 

*♦.  =  0.314 


•  n 


lyansmififiloR  fa '-tor  of  domodulator  It  is  possible  to  ron?flder  squAl  to  one, 

Thjp,  l 

For  effective  lowrin^  of  aero  drift  it  i«  sufficient  to  have  a  total  tranemis- 
pion  factor  of  M^DM  amplifier  of  order  of  =  1000,  It  is  obfvioua  th*;t 


tlKII! 

0.4  t  0  tl4 


sood 


In  reality  the  required  ampllficatia*  factor  of  the  a-c  amplifier  .lOuld  bj 
higher  (15»000  to  20^000),  Tj is  is  possible  to  explain  by  the  fact  tnat  in  output 
signal  of  raodtu  hor,  besides  voltage  with  c-arrior  frequency,  there  aro  nigher  har- 
mcrd.es,  for  which  transmission  factor  of  phasing  contour  and  amplification  of 
amplifier  is  significantly  below  described  values. 

Use  of  auxiliary  amplifier  does  not  coopletely  remove  zero  drift.  Residual 
drift  is  causod  hv  change  of  contact  potentials  on  vibrator,  induction  from  excita¬ 
tion  cirfw;  t  of  vibrator  and  grid  curraits  of  first  cascade  of  d-c  amplifier,  Di'ift 
can  alsc-  appear  due  to  unsuccossfiil  selection  of  point  of  grounding  of  coeanon 
lead  vf  aaplifiors,  thanks  to  which  currents,  flowing  through  the  ceuwon  lead,  create 
a  ditional  signal  at  input  of  amplifier  in  the  form  of  voltage  drop  in  this  lead. 
Therefore) all  leads  to  the  conmon  tei*jinal,  have  to  be  connected  to  it  in  one  place 
and  here  be  reliably  grounded  with  nail  transitional  resistance  of  grounding. 

As  analysis  of  errors  shows  (see  Chapter  III),  presence  of  grid  current  of 
first  cascade  causes  error  in  output  voltage,  determined  by  expression 

5#  _  _  .  .  (4,24) 


For  series  receiving-asiplifylng  tubes  grid  current  Is  of  the  ordet-  10  a  and, 
therefore,  error  i  already  at  »  100  sec  can  become  very  perceptiole. 

Therefore^  question  of  lowering  or  removal  of  influence  of  grid  currents  is  very 
urgent  also  for  amplifiers  with  automatic  stablUsation  of  sero  level.  Decrease  of 
grid  current  can  be  attained,  for  example,  by  introduction  of  corresponding 
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co^ifmMtlng  Tcdta|:e  In  grid  eircxdt  of  firnt  c«»ca<ie  of  anin  u^ptlifier,  hj  Mloctlon 
of  tubes  with  Bill,  grid  current  for  work  in  tliis  onsoede,  us#  of  iipe<'<;i«l  circuits 
for  consturctioR  of  first  cMCAde,  ensuring  deeresse  of  grid  cturents  (for  sjcwple, 
circuit  of  cathode  follower  with  lowered  tension  of  plate  suppljr  (G.  Kom  and  T, 

Kom  [!])»  tfid  also  Introduction  of  connection  of  grid  of  first  cascade  of  naln  am¬ 
plifier  with  integrating  point  through  capacitor  (see  RC  circuit,  delineated  bj 
dotted  line  in  Fig.  49a).  last  ease  ai^>ears  danger  of  accisBulation  of  charges 
on  this  capacitor  in  period  of  overloading  of  amplifier  and  alow  return  of  it  to  a 
nomal  regine. 

Zero  drift,  caused  bj  presence  of  grid  currents,  it  is  possible  also  to  lower 
cca^siderablT’,  if  one  were  tc  use  additional  feedback  circuit  for  low  frequency 
channel  (H.  Haiasr  [1]).  By  this  coaiponent  of  drift  voltage  due  to  grid  currents  of 
first  cascade  of  oaic  anplifier  ia  renovad  from  input  of  the  M-DM  an|>llfisr.  Indeed, 
if  one  were  to  luse  designations  frcm  Fig.  54,  then  for  ecnsidared  caae  there  can  be 
found  connection  bet*fsen  output  and  input  voltages  taking  into  account  grid  current 
in  the  fom: 


*••1, - ^0  U*  ^  l^. 

“  '•»7?C^-PT  ^  RCfT'i  ^  kCpy\  ’ 
1  I  ,  :  RCp 


(4.25) 

(4.26) 

(4.27) 


Solving  equations  (4.25),  (4.26),  (4*27)  for  we  receive 


(4.28) 


For  very  large  equation  (4.28)  rediices  to 


(4.29) 


Fro*  oqtsatlan  (4,29)  it  follows  th«t  sspsration  of  ehsiura.ls  of  low  lind  high  frsquencj 
with  the  help  of  additional  feedback  circuit  gives  decrease  of  terror  due  to  grid 
currents  by  (1  tiaws*  Here  is  required  doubled  quantity  of  styroflex  capaci" 

tore  and  accurate  triming  of  tine  constant  of  both  feedback  circuits. 


t 


Fig.  54.  Diagram  of  integrating  opera¬ 
tional  aaplifier. 

4.  Amplifiers  with  fturallel  ibaalification  Channels.* 

The  principle  of  action  of  amplifiers  with  parallel  amplifiration  channels 
is  that  channels  of  amplification  are  divided  into  two:  high-frequency  and  low- 
frequency  (asseed>led  by  M-MD  circuit)  —  with  subsequent  sueamtion  in  broad-band 
amplifier  with  relatively  low  amplification  factor  (see  Fig.  55 )• 


*Idea  of  parallel  channelw  of  amplifioatlon  in  reference  to  amplifiers  of  self- 
recording  instunssnts  was  expressed  in  1952  in  work  of  Buckerfield  [1].  Apparently 
in  reference  to  operational  amplifiers  this  idea  was  not  used  dms  to  a  xuaRr  of 
difficulties. 
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The  paaebaixl  of  separate  ohamiels  Is  selected  in  such  a  way  that  durinc  Joining 
there  does  not  occur  essential  troughs  in  the  gainofrequeacj  response  sad  there  is 
ensured  stability  during  closing  of  feedback  both  at  high,  and  low  fretiuencies. 

The  high-frequency  channel,  as  a  rule,  is  executed  the  diagraa  of  the  a-c 
amplifier  which  lowers  requirement  on  stability  of  sources  of  supply.  Absence 
of  resistance  coupling  with  the  integrating  point  almost  completely  renores  in¬ 
fluence  of  grid  currents. 

Assuming  for  simplification  that  amplifiers  and  amplifiers  M-ON  are  iner¬ 
tialess,  we  obtain  expression  of  transfer  function  of  parallel  channels  in  the 
fora 


r(p) 


rj,T,p'  ^  (7  J,  r  rj,  ~  7J,)P>  -  (T.  ,  T,  :  T,)p  ,  I 


(4.30) 


where  Tj^  “ 


^1®1>  *^2  “  ^2^2*  ^3  “  ^3^*  *^1  «>^ifitJation  factor  of  amplifier 
amplification  factor  of  d-c  M-DM  amplifier. 


^  (a) 


Fig.  Gain-phase  responses  of  amplifying  chan¬ 
nel:  w(  —  complex  amplification  factor  of 
parallel  channels,  k  —  static  smxlifieation  fac¬ 
tor  of  circuit  of  parallel  channels. 

KEY:  (a)  Cycles. 
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Pr«Itt«ne7  r«8pa(i8«  la  found,  at  wa  know,  fro«  (4.30)  by  raplacement  p  »  Jw 


in  the  fora 


U'  lyui)  r 


n-(7,^t  TJ.^TJ,)  »| ,  J  \r, ,  r,  -  1,  > 


(4.31) 


Conaaquantly,  when  -*nu  (y>»i  and  when  -  ►  U 

We  will  eatinate  character  of  change  of  phaae  reaponae 

^  ifv  tan  -  arc  tan  f;. 


where 


tan?!  = 


jm 


tan  u  = 


-(T  ^  r,  -  r,-  rjj,  u 


V#>en  ««-*o  tan  tan  -*-1^1  *  Hence  we  conclude  that  at  low 

frequenclea  fi  f.  and,  conaequentlj,  parallel  chamela  glre  a  Lag  ofoutput 

algnal  in  reference  to  the  input  aignal. 

^  -  r  • 

•-*  :  tan Yi and  tan’'i"'"“w  i  .  ^  ^  '  'Whence  it  follows  that 

rr 

f,  >  r,  and,  conaequently,  ws  get  lead  of  output  aignal  in  reference  to  input. 


of  inat  JJLation  of  type 
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Flnallor,  phaae  r«apanse  pasMs  through  >«ro  at  oartain  fraquoney 


ri 


or  f,  -tan  n  This  loada  to  raLatiooahip 

*M  I  -  { ^,  7-/-  jj\  .  j  jul 


Mhan 


a.32) 


Froquency 


at  which 


is  also  called  frequency  of  union  of  paaebanda 


of  parallel  channels  of  aaplification. 

In  Fig.  56  are  brought  gain  and  phase  frequency  responses  uf  one  of  the  first 
aodifications  of  operational  aaplifiera  with  parallel  channels  of  snplifl cation  (see 
Fig.  57)»  derreloped  in  the  Acadeaqr  of  Sciences  of  USSR  (V.  M  ijvreyev  fl])  in  re-' 
ference  to  analogs,  nuransters  of  the  circuit  were  aelectad  in  such  a  way  th&.t 
at  the  frequency  of  union  aluap  of  the  gain-frequency  response  does  not  exceed 


3(«. 


If  it  is  accepted  for  ainplif ication  that  =  k^  »  k,  than 


I  —k  ~  1 ""  r=xrj^tj;  t  r,  r.) 


-i/  ^  |i  -  T-.r.-M* 

^  r,  +  r,r,  4 


Considering  thai  at  frequency 


the  radical  equals  a.s,  we  raceiTa 


finally 


«'(/  .)  ' 

t  i 


(4.33) 


Considering  |  |  -0.7  -.r,  1  and  w«  fi^d 


0,3®^  “f-  9  -f  0,7  —  0, 


whaoee 


4 


- 


SwiaQilS 


TiJW  eonsUuit  can  be  eeleeted  froi  pemletible  value  of  voltacee  of  pulea- 
tlone  at  output  of  operational  aoplifler.  Aeeuning  that  puleatlone  of  voltace 
at  output  of  operational  aapllfler  are  caused  onlj  bj  Tolta^e  of  higher  harmonies 
after  the  demodulator  m  receive 

where  ^  variable  component  of  voltage  at  integrating  point; 

'  I  -f-  ^  1 

e=  -  —  Toltage  of  pulaations  at  output  of  amplifier; 

—  voltage  of  interferenoes,  brought  to  input  of  a-c  amplifier  of  M-W 

channel; 

amplification  factor  of  integrating  and  output  oaecades; 

~  T  1  ^  eonatant  component  of  voltage  at  integrating  point ; 

.IM 

»<.  —  frequency  of  isodulatlon* 

Considering  these  expreaelona,  we  receive  finally 


111  +  4|S  I 

p- 


whence 


TT  )  * 

''**»*.*» 


(4.34) 


T^ie  loss  the  required  quantity  the  wiaer  the  passband  of  H>-DM  amplifier  and  the 
higher  the  frequency,  with  which  the  upper  channel  of  amplification  should  enter 
and,  coneequently,  the  lees  the  time  constant  T^.  The  laet  very  considerable  affects 
reduction  of  return  i>f  time  amplifier  to  normal  conditions  after  overloading.  As 
follows  from  (4.34),  to  decrease  it  is  expedient  to  increase  frequency  •»„ 

For  the  circuit  of  Goldberg  ^  *^3  other  conditions  equal,  will  be 


considerably  larger.  Indeed 


*ji*i 


+  I 


•I .  in  eubeequent  formulae  indicates  Goldberg  circuit. 


-136- 


Tne  ratio  of  ttaw  constant  for  the  circuit  of  parallel  channels  of  anplifica- 
tlon  and  Goldberg's  circuit  will  be 

Jj.  ^  C  L 


Thus,  for  exaaqple, 
(Pig.  58;  B.  Ta.  Kogan, 
»  1000,  then 


for  operational  aapllfler  of  an  installation  of  t/pe  EMU-8 
A.  A.  Masloir,  D.  Te.  Polonnikov  [1])  we  have  “  20,  and 


0.02 


In  real  circuits  this  ration  attains  a  aagnitude  0.001,  since  bj  coneidcraticx:# 
of  stability  of  the  Goldberg  circuit  value  r,. .  found  froa  the  given  eonditicsis, 

Bust  considerably  increase. 


Pig.  58.  PundasHffital  circuit  of  operational  aapli- 
fier  with  parallel  channels  of  amplification  of  in¬ 
stallation  of  type  EMU -8. 

net:  (a)  Channel  of  aeplification  of  high  fr^ 
quency;  (b)  Integrating  and  output  eaecades;  (c) 
Input}  (d)  Output;  (e)  Channel  of  aMl^leation  of 
low  fi^qoenoy  N-ON. 


Further  developwnt  of  circuit  of  pijrallcl  ehennala  of  uplifieation  forced 

ua  already  in  circuit  of  andifiad  aaqplifier  KMU-d  (Fig.  58)  to  depart  fron  initial 

atructural  diagram  of  Fig.  57.  To  guarantee  atability  of  low  frequency  with  a 

6 

very  large  amplification  (10  )  it  waa  neceaaary  to  remove  filter  R2^2>  and  for  in-> 
creaae  of  atability  reaerve  to  apply  a  third  chamal  (Cg  -  "ij)*  connecting  out> 
put  of  firat  cascade  with  inp'jt  of  integrating  cascade. 

Application  aa  demodulator  of  aamioonduetor  diodea  (D]^  —  0^)  allowed  ua  to 
lower  requirement  of  accuracy  of  adjuetmant  of  the  contact  vlbrapack-modulator  (VP). 
In  modified  amplifier  we  managed  significantly  to  lower  influmce  of  change 

of  feeding  voltage  by  decrease  of  time  constant  ^  application  in 

feed  circuits  of  first  cascades  of  decoupling  filter  Rq  — >  with  large  time  con> 

stant  (2  sec). 

Uae  of  differential  integrating  cascade,  groantilng  of  median  point  of  incandes- 
eemce,  additional  ahieldingi  and  also  correction  at  high  frequencies  promoted  es¬ 
sential  decrease  of  level  of  interferences  and  expansion  of  tha  passband. 

Main  char>ct8x*istic8  of  such  an  amplifier:  the  passband  when  »  100  v 

(peak)  and  attenuation  is  not  more  than  3  db  constitutes  15  kc;  level  of  pulsations 
when  k  »  1  constitutes  10  sv  (peak);  aspUfioation  factor  at  aero  frequency  of  the 
order  of  1.2*10^;  aero  shift  with  chaags  of  net  voltage  by  1  10<  is  equal  to  20  me. 
In  spite  of  iqjplication  f<u*  feeding  the  smpllfier  of  two  unstabllised  power  sup¬ 
plies,  drift  of  the  aero  level,  brou^t  to  the  input  in  scale  amplifier  regime,  does 
not  exceed  40  sv,  and  in  Integrator  reglsm  2  mv  for  100  eec. 

Amplifiers  of  this  type,  besides  tha  installatian  EMi}-€,  are  used  also  in  the 
set  of  nonlinear  blocks  NfG  (see  table  IIV  Appendix  II). 

In  last  years  ware  offered  circuits  of  ssplifiers  with  parallsl  channels  of 
amplification  (D.  Te.  Pfelcmnlkov  (Ij),  for  which  cascades  of  high-frequency  chaniisi 
were  as  if  dlsconnectsd  in  serlss  with  iacrsese  of  frsqusney.  Such  a  prlncipls 
allows  us  conaiderably  to  expsnri  the  passband  of  amplifletN 


It  can  be  considered  a 


result  cf  developnsnt  of  the  Mthod,  known  fros  theory  of  sutoastlc  control,  of 
supplying  of  signal  in  advance,  first  applied  for  broad-band  invex^er  by  C.  S. 
Deering  [1]. 


Flg«  59*  Pundanental  circuit  of  operational  aa- 
plifier  (TU»10)  with  parallel  channels  of  anpllo 
flcation  of  installation  of  type  oMU-lO. 

K£Y:  (a)  Input;  (b)  CXttput;  (c)  Frcn  second  an- 
plifier. 

In  Fig,  ^9  is  brought  diagran  of  amplifier  of  TU>IO,  developed  in  Acadesqr  of 

Sciences  of  USSh  for  the  eMi>10.  In  this  diagram  the  principle  of  series  eliminating 

cascades  is  used  partially.  In  upper  channel  the  signal  from  Integrating  point 

proceeds  only  to  first  cascade  i  7,1  possessing  wide  passband.  From  output  of 

first  cascade  signal  is  brancned  to  second  cascade  I  and  through  C  to  Ln- 

8 

twgrating  cascade  >-7  i  ‘nius,  with  increase  of  frequency  the  whole  aignsl  moves 
to  integrating  cascade,  passing  (as  if  eliminating)  the  second  cascade.  TittJ  con> 
slant  of  first  cascade  due  to  application  of  cathode  follower  is  lowrred  to  8*10 
sec,  and  time  constant  of  integrating  cascade  is  of  ordsr  of  3*10"^  sec.  Conpara- 
lively  small  magnitude  of  time  constants  of  these  cascades,  and  also  application  of 
correcting  circuits  ensure  s\ifficient  reserve  of  stability  with  a  wide  passband. 

Separating  capacitors  C^,  Cy,  Cg  and  resistances  ^12 

selected  in  such  a  way  as  to  ensure  stability  at  losr  frequency  and  correct  union  of 


paatbtndt  of  the  chennelt.  Output  casci^e  is  made  bj  the  circuit  of  the  economic 
caacade  without  a  aigninrertor.  Amplifier  M-DM  and  upper  channel  are  fed  fron 
stabilized  voitagesi  the  remaining  cascades  from  an  unestabilized  source. 

Hair  technical,  characteristics  of  such  amplifier: 

1.  Drift  of  zero  level  in  scale  amplifier  regime,  brought  to  input  (when 
k  =  10),  is  30  microvolt  in  8  hours. 

2.  Drift  of  zero  level  in  integrator  regime  when  RC  =  1  constitutes  15  milli¬ 
volts  for  1000  sec  (1  millivolt  per  100  sec). 

3.  Interferences  (background)  at  output  with  traismission  factor  k  =  i  con¬ 
stitute  5  Riillivolt  (peak  vlaue). 

4.  Llnearit7  in  output  voltage  of  +  145  ▼  '<hen  load  is  10  kilohm. 

5.  Amplification  factor  of  open  d-c  amplifier  (1  tc  2)  •  10^,  at  frequency 
20c  c  8*10^  and  at  frequency  10  kc  600, 

6.  Passband  (slope  of  gain-frequency  response  at  30<)  when  =  100  v, 

load  10  kilohm  and  shunting  capacitance  600  pf  constitutes  65  kilocycles, 

7.  Maximum  perodsalble  capacitances  at  output  of  amplifier  are  not  leas  than 
0.1  microfarad,  at  integrating  point  not  leas  than  0.1  microfarad  (with  output 
capacitanca  lOOD  pf). 


CHAPTr  H  V 


DIODa  FUNCTIONAL  Oi^rlitATufL"' 

^ •  Gongral  Inforaatlon , 

Nonlinear  computing  elements  or  functional  generators  are  deA  les,  reproducing 
given  nonlinear  functions  of  one,  two  or  many  arguments. 

A  particular  case  of  a  functional  generator  of  two  arguments  are  devices,  in¬ 
tended  to  execute  factoring  and  dividing  operations.  In  view  of  the  great  import¬ 
ance  of  theee  devices  they  are  usually  separated  into  a  speciaU.  group  and  considered 
separately.  Squally  subject  to  separate  consideration  are  devices  for  reproduction 
of  discontinuous  nonlinear  functions,  to  which  consideration  of  trpical  nonlinear 
characteristics  leads  CAP  (Autosiatic  Control  Cystem). 

Puncticwial  generators  it  is  possible  to  divide  into  general -purpose  and  special¬ 
ised  devices.  Gonaral -purpose  functional  generators  allow  us  with  the  help  of  one 
device  mechanism,  by  retwiilding,  to  reproduce  various  functional  dependences.  I^pe- 
cialised  generators  are  adapted  (by  principle  of  action)  for  reproduction  of  oidy 
one  specific  dependence,  ^camples  of  specialiseci  fmctionai  generators  are  devices, 
using  the  quadratic  nature  of  dependence  of  plate  current  (with  siwtil  plate  currents) 
on  grid  voltage  of  a  three-electrode  tube  (a.  Ya.  Hrertoart  [1])  or  the  i'?garithmic 
dependence  of  grid  voltage  on  grid  current  (M.  J,  TucKer  ■!)).  In  practice  of 
constniction  of  electronic  integrators  and  analogs,  and  also  sepsxate  computers 
both  types  of  derices  found  application.  pecialised  devices  have  advantage  over 
general -purpose  only  when,  other  conditions  equal,  they  are  simpler  in  construction, 
are  cheap  in  manufacture  and  ai^  reliable  in  operation. 


Depmdlij^  upon  the  character  of  passage  of  signal.e  through  the  functional  gen~ 
erator  vre  distinguish  devices  of  open  type,  for  which  signals  pass  directly  frow 
input  to  output,  and  devices  of  coa^nsational  type,  reproducing  the  given  function 
only  with  coverage  by  negative  feedback.  Advantage  of  coespensational  devices  con¬ 
sists  in  lowering  the  influence  of  external  and  ijntemal  disturbances  and  oscil¬ 
lations  of  parameters  on  accuracy  of  operatlcxi. 

Depending  upon  method  of  physical  real.isation  we  distinguish  devices  made  with 
electron  tubes,  electron-beam  tubes,  olectroaiechanical  servo  systems  with  functional 
potentiometers  (G,  M,  Zhdanov  [1])  or  specially  contwred  cams  (N,  Y@,  Kobrinekiy 
[1]),  etc.  Electronic  functicmal  generators  as  ccaapared  with  electrcstechanical 
ones  possess  this  advantage,  that  with  equal  accuracy  they  have  a  significantly 
wide  passband  and  are  less  labor-consuming  In  manufacture  and  setting  up. 

Use  of  functional  generatoro  in  combination  with  linear  computing  elements  al¬ 
lows  us  with  the  help  of  electronic  analogs  to  conduct  investigation  also  of  non¬ 
linear  CAP.  In  last  years  very  simple  functional  generators  became  widely  used 
also  in  equipnrent  of  autcmetlc  control.  Here  they  used  for  improvement  of  dynamic 
properties  of  the  CA“  (A.  Ya.  Lemer  [1],  A,  A.  Fel'dbaum  [2]). 

Main  requirements,  presentsd  to  functional  generators  of  electrtmic  analogs, 
it  is  possible  to  reduce  to  the  following: 

1.  Punctlcnal  generation  should  be  executed  for  input  magnitudes,  given  in 
the  form  of  d-c  voltages,  with  a  total  range  of  change  ±  100  v. 

2.  Input  impedance  of  functional  generator  should  not  be  lower  than  10  to  $0 
kilohme,  output  no  more  than  10  to  20  ohms. 

Functional  generator  should  possess  sufficient  output  power  for  convenience 
of  union  with  other  elements. 

3.  Reproduction  of  given  function  should  be  carried  out  with  accuracy  of 
at  least  1  —  2^  of  full  scale. 

4.  Moise  content  in  oucput  voltage  (direct  ciurrent)  should  not  be  greater  than 


5  to  10  millivolts  (pe*k  value )< 

5 ,  Functitmal  generators  amet  reproduce  unambiguous  and  nultlvalue  nonlinear 
dependences,  and  also  M<mlinear  dependences,  reduced  to  elementary  functions  luid 
obtained  froo^  experijaent, 

6»  It  is  necessary  to  ensure  possibility  of  reproduction  of  nonlinear  depend¬ 
ences  with  low  and  very  large  values  of  first  derivative,  and  also  non-monotonic 
functians  with  a  large  mimber  of  extrema. 

It  is  natural  that  one  construction  of  a  functional  generators  can  not  satisfy 
all  the  enumerated  requirements  simultaneously, 

IXiring  construction  of  functional  generator  is  essential  selection  of  the  moat 
suitable  method  of  presentation  of  the  function  given  for  reproduction.  Here  can 
be  used  approximate  methods,  for  erample,  assignment  of  function  in  the  fom  of  a 
series,  by  a  totality  of  poinet  on  foundaries  of  discrete  intervals  of  change  of 
the  argument  with  corresponding  interpolation  between  these  points  (for  example, 
piecewise-linear  approximation).  Last,  the  function  can  be  given  in  the  form  of  a 
pattern  or  curve,  drawi  on  paper. 

In  recent  years  from  the  large  variety  of  functional  generators,  functional 
generators  built  on  diodes  and  electron-beam  tubes  rece  /ed  the  biggest  application. 
Therefore,  in  the  future  account  main  attention  is  allotted  to  these  types  of  func¬ 
tional  generators. 

2.  Diode  General-Purpose  Functional  Generators, 

Diode  functional  generators  are  constructed  in  the  form  of  general-purpose 
or  specialised  devices.  They  represen-  in  most  cases  parametric  devices,  using 
piecewise-linear  approximation  of  the  given  function. 

Let  y  f(x)  be  an  unambiguous  continuous  function  everywhere  on  the  considered 
Interval,  with  the  possible  exception  of  a  finite  number  of  points  of  discontinuity 
of  type  1, 


(5.1) 


'Hien  thir  function  it  is  possible  approxlmstely  to  present  by  expression 
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y,.  -f  iiy.v  J-  ^  hjx 


I  •  1 


whore 


when  X  ' 

=■  COnsJ  %#hen  X  >  Ah, 


and  v,,,.,,  is  the  value  of  x  at  beginning  of  every  segment  of  the  decomposition  of 
the  argument. 

Wh^^n  initial  variables  in  an  electronic  analog  are  in  the  form  of  d-c  voltage, 
after  transformation  of  variables  y  -  y,  a  -  U/,,.  a,,,,,  — 

we  receive 


u. 
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U,  '  • 


(5.2) 


if 


then 
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r  V 
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it 


(5.3) 


Sunaation  of  voltages  in  expression  (5.3/  is  most  simply  executed  on  resistors, 
proceeding  to  sunination  of  curx*ents  proportional  to  each  component  separately. 

Indeed,  the  first  two  currents  can  be  obtained  with  the  help  of  ordinary  circuits, 
consisting  of  ohmic  resistances,  and  the  last  with  the  help  of  circuits  which  are 
a  conbinati(Mi  of  ohmic  resistances  and  diodes. 

In  Fig.  60  are  presented  four  diagrams  of  diode  elements,  ensuring  .equlred 
current  characteristics  with  positive  tangent  of  angle  of  inclination.  For  obtaining 
current  characteristics  with  negative  slope  these  diagrams  must  be  supplemented 
with  slgn-invertlng  amplifier  at  the  input  of  the  considered  diode  elements.  Here 
current  characteristics  will  be  a  mirror  image  of  characteristics  of  Fig.  60  with 
respect  to  the  axis  of  ordinates. 
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Fig.  60.  Diode  elements  and  their  current  characteristics. 
Synthesizing  such  diode  elements  in  the  diagram,  for  example,  depicted  iri 
Fig.  61,  we  can  obtain  total  current  in  output  resistor,  equal  to 

A  -  /..  .  .  i'  /„ 


If  we  disregard  internal  retistance  of  the  diode,  then 

A -- *^0 ~ A  -'<’«<  ■  (*.,  '  .<1 


=r 

i  -A.  ' 


when  o.e.,  \  1 


U'*!  >  « 


'  ii./„  >  J/  „  r 


where  e^,  ia  the  reference  voltage.  Oitput  voltage  of  circuit  here  will  be 


|A,  f,,A,  ,  ,  <j  r..  -  > 

_  I 

m 

A.  t  •  A  .  V  .4  , 


(5.4) 


where 


Ae  follows  from  cooqaarieon  of  ajcpressions  (5.4)  and  (5.3),  with  the  help  of 
the  considered  circuit  we  can  not  correctly  rerrotiuce  the  given  relationship,  since 


with  change  of  the  number  of  switched  on  diode  elements  V  ;  in  the  last  addend 


of  dmoRlnAtor  also  changes 


Fig*  61.  Olagraffls  of  sixomation  of  currents 
of  diode  elements* 


Obviously,  in  th'  given  case,  'ust  as  for  linear  conputing  eleisents  with  para¬ 
metric  ccrapensation,  it  would  have  been  possible  by  means  of  addition  of  amplifier 
and  positive  feedback  to  compensate  error,  intnxiuced  by  considered  circuit*  In 
Fig*  62  is  brought  a  diagram  of  such  a  functional  generator,  offered  and  developed 
in  t‘  ?  laboratory  of  L*  I*  Gutennakher  (L*  G.  Kogan  fl]). 


Fig.  62*  Dtagram  of  functional  generator  with 
panusstric  compensation  of  error  of  summation* 


In  this  circuit  feedback  voltage  is  passed  in  such  a  way  that  it  affects 
currmits  of  all  diode  elements* 
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(S5) 


As  before. 


h  ~  f  /|  +  /„. 


and 


A)  (^0  ^1  '^i- 

^  |0  when  »/,r,  -  ''.w.'i  -  ■^.  ?. 

Mi((<ii/,,  -  •«/  „  -  when 

<»./..  >  *  r...  r  ^^,il  -  ’A',) 


After  substituting  these  values  of  curr*nt>  in  equation  (5.5)  we  receive 

,4,  .  V  I  (J  )  (5.6) 

, 

A  V  i  ^  , 

If  one  were  to  select  3  iJi  ^^uc'i  u  rwuier  that  5A;  i,  the  dencsdnator 
of  expression  (5.6)  no  .longer  will  dopsnd  on  the  number  of  coupled  diode  elsnents 
and  then  output  voltog )  wlLi  with  accuracy  up  to  a  constant  scale  factor 

reproduce  the  given  rsiationuhlp  (5.3). 

Koweveri  such  a  functloriol  generator  possesses  a  number  of  peculiarities,  pre¬ 
venting  its  direct  use  in  d-c  electronic  analogs.  Among  these  peculiarities  should 
be  mentioned: 

1.  Necessity  of  additional  stabilised  power  source  (reference  voltage  *'  ), 

for  which  no  teroinol  is  grounded. 

2.  Necessity  of  stabilisation  of  onu^lification  factor  of  integrating  amplifier. 

3.  Impoasibility  of  direct  connection  with  operational  amplifiers  with  a  com¬ 
mon  grounded  pole. 

In  Fig.  63  is  presented  a  diagram  of  a  functional  generator  (A.  A.  Fel'dboum 
oad  L.  N.  Fitsner  [1)),  free  from  the  indicated  deficiencies  and  poeseesing  additional 
poesibility  of  ottoining  of  two  nonlinear  functiona  from  one  orgunent.  The  boaie 
of  the  circuit  ore  diode  elesMnts,  trcn  whose  output  is  removed  not  curr«it,  oa  in 


the  preceding  cxaaple,  but  voltege.  Voltages  of  diode  eleeiente  are  eumned  by  opera¬ 
tional  anpliflera  1,  2,  3  and  U,  All  diode  elementa  aj*e  identical  (Fig.  64)  and 
there  ie  aaaxaesd  identical  coupling  of  the  diode  in  the  circut.  The  c^iaracteristic 
of  such  a  diode  element  talcing  into  account  resistance  of  diode  can  be  received 
from  the  expression  for  current  4.  * 


Pig.  63.  Qiagraa  of  general-purpose  diode  func¬ 
tional  generator  with  use  of  integrating  d-c  an- 
pliflers. 


Indeed, 

'4,,  • 


*In  this  eocpreeeion  and  further  suet  be  placed  with  its  sippet. 


followv  from  these  relAtionships,  input  voltage,  at  which  the  diode  opens,  is  de- 
temLned  by  relationship  ana  the  slope  of  the  resulting  character¬ 

istic  to  the  axis  of  abscissas  by  expression 


tarn  -  j/, 


(5.6) 


Fig.  64,  Diode  ele¬ 
ment  and  its  current 
charactertstic , 


The  whole  characteristic  is  located 
only  in  the  third  quadrant.  In  order 
to  obtain  a  characteristic  in  all  fou~ 
quadrants  with  the  help  of  diode  oietnents 
of  only  this  typ**,  it  is  necessary  to  re¬ 
sort  to  connecting  at  the  output  of  sign- 
inverting  amplifiers  (Fig.  65), 

As  foiJows  iron  expression  (5,6) 
and  Figure  &5,  the  steepness  of  the  chara^ 
teristic  of  such  a  dioio  element 

K, 


tan  : 


depends  both  on  resistances  ami  .'ip, 
and  on  setting  of  the  divider  at  the  out¬ 
put  and  transmission  factors  K  of  out 


put  integrating  amplifiers, 

Incrmase  of  steepness  due  to  increase  of  and  runs  into  difficulties, 
conncKrted  with  the  resulting  lowering  of  the  transausslon  factor  of  the  diode  ele¬ 
ment  and  increaae  of  aero  drift  of  integrating  mplLxivrs, 

Resistances  and  R^  selected  from  condition  of  decaeq^ssition  of  the  argu¬ 
ment  on  the  given  intervals  (proceediog  from  the  accepted  accuracy  of  approxiaatlan 
In  general -purpose  functional  converters  to  decrease  the  number  of  mdjustasnts  they 
often  make  this  decompoeitlon  uniform.  Then  for  n  segments  of  decomposition, 
magnitude  ir.,  each,  we  receive 


wher*  1  if  th«  maiber  of  the  conaldered  eagawnt  of  the  decoaipositlan  of  the  arguasnt 


Fig.  65*  Currmt  ch*recteriBtlcs  of  diode  ele- 
■ente,  used  in  the  circuit  of  Fig.  63. 

Considering  •  R,  we  receive  R2j^  ■  R  -  Rj^^,  and  then  on  the  basis  of 

(5.9)  we  will  iiave 
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i 


(5.10) 


when 

-r^  2.5  •.  r  . 

/  lu 

For  various  intervals  in  order  of  increase  of  mjabw  we  receive: 

^11  “  j|  ^11  ~  12  '  i»  4  10  ^ 

To  lower  the  current,  flowing  through  the  diode  with  voltage  on  it,  near  sero, 
in  the  circuit  is  prccided  lowering  of  filaaent  voltage  to  5  v. 

The  general  appearance  of  a  general-purpose  functional  generator,  aade  by  the 
diagrui  of  Fig.  63,  is  shown  in  Fi^.  66.  The  face  panel  of  the  instnasent  is  divided 
into  two  parts  ayawtric  relative  to  the  aiddle.  Gto  the  panel  are  located  handles 
of  potent iOBeters,  a  switch  and  volUsstwi*,  by  which  nonlinear  functions  fi  <<..* 
and  f^  <>.«>  are  set  up.  During  setting  up  the  whole  scale  of  input  voltage,  pro¬ 
portional  to  variable  f.,  is  divided  into  40  equal  Intervals  by  the  mmtmr  of  diode 
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•IflMitts  in  the  cin:uit.  At  input  terminals  +  x  snd  —  x  is  established  iroltaj:«i 
correspcnding  to  bc^uidaries  of  intenrals,  ind  *rlth  the  help  of  potentiometers  of  the 
glTen  interral  we  establish  by  volt^.  r  the  required  value  of  the  function. 


Fig.  66,  (general  appearance  of  general- 
purpoee  diode  functional  generator  made  by 
the  diagram  of  Fig.  63. 


In  Pig.  67  is  brought  a  diagrair  of  a  general-purpose  diode  generator  (I. 
Vittenberg  [2])  made  with  the  described  diode  elements,  differing  by  the  fact  that 
in  it  are  provided  possibilities  of  changing  the  sign  of  output  voltage  and  addi¬ 
tional  mlJustiDont  of  the  relationship  b^^tween  K],  and  .H-,  to  obtain  nonuniform  break¬ 
down  of  the  argtBsent.  As  coKpared  with  the  circuit  con5ide’*ed  above  besides  the 
quantity  of  operational  amplifiers  it  requires  two  reference-voltage  sources, 
doubled  quantity  of  potentiometers  and  large  quantity  of  switching  equipment  (toggle 
Bwltches  and  change-over  switches). 

Total  nxmibsr  of  diode  elements  is  lowered  here  to  12  which  during  supplying 
of  input  signal  through  resistance  ari  with  a  constant  bias  ensures  lA  segments 
decomposition  of  the  total  scale  of  change  of  the  argument.  The  diagn^m  la  com¬ 
posed  in  operation,  sines  set-up  uf  the  given  function  require i  a  large  ma^r  of 
switching  operations,  including  the  necessity  of  selecting  the  place  of  installation 


oi'  dioden,  wid,  aa  th«  pracading  one*  dc««  not  al'an  one  to  reproduce  a  function 
tith  gr«at  ateepnesa. 

Of  great  interest  la  the  general -purpone  dioJe-triode  functional  generator 
(see  A.  A.  Fel'Jbaum,  L,  Fltaaer  fl]’,  providing  reproduction  cf  curves  with 
8te»pi2088  up  to  30  r/v,  Ci^e  modification  of  the  circuit  of  such  a  functional  gen¬ 
erator  is  ahown  in  Fig.  68.  In  tMs  circuit  ie  used  a  two-cascade  d-c  amplifier 
y  -1  controlled  by  divider  u  W.  /*>  ,  hy  output  triode  cascades 

.7,  .7  .7,  which  with  ^Jtcreaae  of  input  signal  in  turn  open,  and  close  ths 

leedback  circxdt  of  aispliflsr  Y  -  1  through  resistances  R221  •••»  ^^2n» 
put  voltages  ol  these  triode  cascades  are  limited  diodes  ~1i  7  /. 


Fig.  67.  Diagram  of  general-purpose  diode  functional 
generator  (industrial  model). 


Setting  the  steepness  of  the  oharacteristic  <'f  every  diode-triode  eleoient 
is  carried  out  by  eelectian  of  correspcsiding  magnitude  and  can  oe  lowered 

by  divider  fJ,  •  NoMOt  of  beginning  of  llsdtatiao  ia  establi^ed  by  assignment 

of  negative  bias  on  divider  R,^ . Rt^.  ^1,.,  Analogeus  circuits  of  functional 

generators  are  used  ia  eleetronlc  analog,  W->1  and  NII-8, 

The  eonaldered  circtJ.t  can  eortc  only  with  poeltive  input  signals.  Wh«i 
^  at  the  ii^vt  of  amplifier  T  -  1  there  is  eomnected  through  Rq  a  voltage 
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of  100  Y  (s««  68),  Ue  of  tha  principle  of  feedbecx  alloirs  one 

to  increaee  eccurecy  end  eteepnese  of  the  reproduced  noolineer  dependencea. 


Fix.  68.  Olaxrea  of  e  xeneraLl~purpoee  functicnel 
generator  for  reproduction  of  functlone  with  greet 
elope. 


Following  the  OMthod  of  eyntheeie  of  diode  circuits,  preeented  in  Chapter  VI, 
it  is  possible  to  carry  out  I'eproduction  of  nonlinear  depeodencee  with  the  eaise 
steepness,  but  with  use  of  diode  elesMots  alone. 

3.  Diode  Specislized  Functional  leneretors. 

The  considered  diode  general -^lurpoee  f^mctional  denrices  alont  equally  with 
poeitlTs  qvniities  (wide  passband,  coapsunatire-y  low  error  of  the  oruer  of  0,^-1%) 
hare  also  essentisu  deficiencies,  consisting  in  the  first  place  of  the  fact  that 
they  are  excess! rely  coeplicated  in  construction,  rsqiiire  fulfilleent  of  a  largs 
ntaher  of  switching  and  regulating  operations  during  adjust eent  on  a  giYwn  aonlinerity, 
introduce  linitatxon  in  the  pervieeihle  steopoeee  of  the  reproduced  funetion  and 
difficulty  during  reproduetioB  of  ncsncnotonie  fwietione,  eepecially  in  the  case 
of  eeroral  extreaa. 

During  eolutlon  of  technical  probleae,  creation  of  Yurloue  kinds  of  ccaputers 


ftni  «8p9ciaXl7  during  iQV«0tigatiQn  of  aTstaaa  of  autOMtlc  control  it  i«  very  often 
necosoAry  to  deal  tilth  nonXinearitieSf  expreeeed  eleetentary  functione  (for  ex^ 
upie,  y  "*  sin  y  ®  cos  x>  y  *  x^,  j  “  7? ^  etc.).  Such  nonlinear  depenrioncoe^ 
apparently)  are  better  reproduced  with  the  help  of  specialiaed  devices,  beforehand 
dk'signed  for  the  given  nonlinear  dependence  and  not  requiring  further  adjustnent 
during  operation,  SuHoation,  juitiplicaiioo  and  division  of  output  si^mls  of 
such  nanlinaar  gwierators  allows  us  to  receive  new  nc»U.inear  dependences,  to  ex¬ 
pand  the  clast  of  functions  reproduced  by  these  devices. 

Method  of  construction  of  apeclalised  devices  should  ensure  simplicity  of 
calculation,  iK.lniiiium  eleaents,  soall  cost  and  large  operating  stability  and  reli¬ 
ability. 
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Fig,  69.  Functional  dia¬ 
gram  at  a  diode  special¬ 
ised  functional  device. 


During  projection  and  developa»nt  of 
such  devices  it  turned  out  to  be  sore  ex¬ 
pedient  to  use  another  approach  or,  more 
correct,  another  treatiaent  of  the  princi¬ 
ple  of  work  of  the  functional  device,  con¬ 
sisting  of  the  fact  that  it  is  considered 
as  an  operational  amplifier,  furnished 


with  nonlinear  converters  of  mrtpnt  and  input  voltages  in  corresponding  currents. 
Indeed,  for  the  diagram  of  Fig,  69  In  a  steady-state  regime  these  equalities  are 
cojrTect : 


/,  -j-  /j 


(5.U) 


and 


(5.12) 


With  very  large  Ky  the  system  of  equations  (5-11),  (5.12)  reduces  itself  to  equation 

(5.13) 


Pqsietion  we  caU  the  earrant  chftrecterlftlc  of  the  feedback  circuit t  end 

function  the  current,  characteristic  of  the  input  circuit  of  the  operational 

aapXifier.  Selationehlp  (5.13)  1«  a  nore  general  equation  of  the  considered  func¬ 
tional  derice. 

To  satisfy  conditions  of  static  stability  (presence  of  negatlTs  feeibaek)  of 
such  ar.  operational  aa^dlfier  it  is  necessary  that 

•lit)  ^  A 

~dir 

Since 


then  this  condition  is  reduced  to 

If  one  were  to  hare  in  mind,  heoceforthf  consideration  of  diode  comrerters*  then 
it  turns  out  to  be  to  be  expedient  to  translate  the  derived  general  relationship 
(5.13)  into  the  language  of  conductance  of  the  input  circuit  and  feedback  circuit. 

Conductance  of  the  circuit  detendnes  steepness  of  the  reverse  voltHuqwre 
eharacteristlc  of  this  circuit.  In  the  presenes  of  a  nonljnear  volt-aspere  eharac- 
teristici  as  takes  place  in  the  considered  ease,  the  concept  of  steepness  as  a  .ado 
of  current  to  voltage  loses  its  Meaning  and  should  be  replaced  bf  the  concept  of 
steepness  at  a  given  point  of  a  nonlinear  curve. 

Let  us  arbitrarily  call  differential  conductance  of  a  nonlinear 

cir  iit.  Then  after  differentiation  of  the  fundaasntal  equation  (5*13)  tor  r,. 
we  recsivs 

_  _  ^/l 

Slnoe  by  definition 

^  =  K,  and  f^.). 
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that 


J, 


•t' 


(5.U) 


Ebcprettion  (5*14)  is  ths  squfttlflR  of  a  nonlins&r  opsrstlon&l  ssqpllfier  in  dif- 
fsrsatlal  f ani. 

During  plseewlM-linear  Approxlmtion  for  the  i-th  segnent  of  the  decomposition, 
differential  relationship  (5*14)  should  bo  replaced  bgr  a  difference  relationship: 


where 


4^. 


•Mt  I 


==K.-C/)- 

/  (^(Ml  I  )* 

I  0  when  e, 

”  I  =  const  when  f. 


^Y 


n 


0  when  C.<' 

iK,,  =  const  when 


With  n  aegpMnts  of  the  decompoeltion  we  receire 

•  *  (5.15) 

I  I 

Eb^tression  (5*15)  shows  that  nonlinear  dependences  thus  will  hare  onlj  negative 
slope  (located  in  the  2nd  and  4tli  quadrants)  and  with  their  help  it  will  be  possi¬ 
ble  to  reproduce  onlj  nonotonic  functions. 

To  reproduce  nonlinear  functions  one  should  introduce  negative  conductance 
either  at  the  input,  or  in  the  feedback  circuit,  Aa  is  known,  negative  conductance 
can  be  created  onlj  with  the  introduction  of  additional  eourcee  of  enf .  Therefore, 
for  reinHMiuetion  of  nonlinear  functions  or  nonotonic  functions  with  positive  slope 
erne  oust  eonneot  at  the  input  or  output  of  the  naln  integrating  anpllfier  siffi- 
inverting  aaplifiers  (Pig.  70a  and  Pig  70b).  The  circuit  diagrea  of  the  sign-inverter 
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at  the  Inpat  has  this  adTantass,  that  hers  only  on*  operational  aaQ>Iifior  worics  as 
an  adder. 

When  the  giren  nonlinear  depend  3nee  is  such  that  the  enrmst  eharacteristie  of 
the  input  circuit  or  feedback  circuit  contains  sections  with  constant  Talus  of  euro 
rent  on  a  definite  interral  of  change  or  e„.  equation  (5.15)  should  be 

written  in  the  form 


1  /  -  -  1  UK,,  ,  +  Y.,e.,„). 


(5.U) 


where  ^Oi  is  the  conductance  of  the  auxiliary  circuity  ^-aking  two  values!  either 
A  *  const «  or  A  **  0  depending  upon  values  f„  or 

Svery  ccaqjonent  of  the  right  and  left  part  is  reproduced  a  diode  eleswnt, 
an  elenentary  circuity  made  of  a  conductance^  a  gate  and  a  refereneso^dltage  source. 

Srpee  of  diode  elsswnte.  For  synthesising •  specialised  functional  devices 
the  above-considered  diode  elements  (Fig,  65  and  Fig.  67)  turn  out  to  be  of  little 
use,  since  they  require  excessively  an  large  msiber  of  resistors,  practioaliy  do 
not  yield  to  design  and  hamper  reproduction  of  functions  with  cosgsaratively  great 
steepness. 


I — — "• 


Fig.  70.  Circuit  diagrans  of  a  sign- 
inverting  a^slifier  for  obtaining  nega¬ 
tive  eonauotaiioe.  ZI  —  sign-inverting 
aapllfler. 


for  ■peciallsod  dofiooa  Ui«r«  mm  offorod  uao  of  the  following  typoe 


of  diode  e latent 8t 


1)  dlodo  elioente  with  potontlalljr  grounded  diodes  (A,  0.  Telenteev  f^]}; 

2)  diode  elonente,  oede  like  liaitere  (V.  V,  Gurov,  B,  Ye,  Kofui,  A.  A.  NmIov, 
V,  A.  Tln^wtnikov  ri])l 

3)  coohined  diode  eleoente  (eee  the  feoe). 


A  diegnui  of  e  diode  el  want  with  potontiellj  grounded  diodes  ie  shovn  In 


Pig.  Tie.  If  we  disregard  resietenoe  of  the  diode  in  the  conducting  state  as  coo¬ 
pered  with  resistances  aad  rj^  and  designate  input  voltage,  with  which  the  diode 
ohanges  ecadootaoee  (ther«»  is  ewitohiag  of  cooduotanee  to  another  step),  by 
then  for  the  eurrert  eharaeteristio  we  will  receive  the  expression 


when  r„  >  e 


n 

at  t ' 


when 


e 


II 

et  « 


(5.17) 


Henc^“  when  , 


and  relationship  (5*17)  takes  the  fom 


(5.18) 


'““(0  whm 


where  iy,  =  ~ 

Niipiitude  ,  is  detemined  froo  the  condition  of  eqxtflity  of  the  potential 
of  point  ii  to  the  potential  of  point  i.  taken  with  acouracj  sufficient  for  practice 
for  sero,  wlnn  eunsation  of  currents  of  diode  eleoente  ie  carried  out  by  an  integra¬ 
ting  operational  anplifier. 

Therefore 


I 


— 


(5.19) 
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r*  -Cl 


Fig.  71«  Oiagm  of  dlodo  •loMot  with  potm- 
11*11/  groundad  diodaa, 

Froi  ejquresolan  (5*19)  it  followB  that  o*b  bo  oqaol  to,  grootor  and 

1088  than  ^oa 


Whon  roltage  at  latogratiiig  point  L,  la  dotondiiod  taj  tho  ox- 


proaaioQ 


t, 


(5*ao) 


Voltage  fj  irlth  increase  of  will  decrease.  Nheo  =  ^  diode  will 

open  and  potential  of  point  will  differ  froa  the  potential  of  point  £  bj  the 
aaipultude  of  the  Toltage  drop  on  the  diode.  This  dlffeieBee  of  psitentials  will 
constitute  In  the  worst  case,  when  «  0.2  as  and  "  $00  ohns, 

«  0.1  T.  Therefore,  during  coupling  of  diode  the  integrating  point  I,  approaches 
poteatiaU/  to  point  i:.  and  oonsoqaeotl/,  is  as  if  potentiall/  grounded. 

With  the  help  of  such  a  diode  elenent  it  is  possible  also  to  effeet  SMnatien 
of  several  voltages,  if  to  Integrating  point  >1  we  Join  several  voltages  throng 
idsntioal  conductances  iK  —  ^ .  Indeed,  the  current  oharaetcristis  for  the 


eiroliit  of  fig.  68b  upon  tho  foraor  Asm^ptions  «dlX  bt 


0  when  0. 

^  -  #.H,Ay^  when 

- ^‘ry-T-r - ■  '•here  Ay  - 

« AK  -h  iy  '  r 


(5.21) 


(5.22) 


CoablnotioB  of  Mfrorol  sueh  diode  oelle  aHowb  ue  to  effect  functlooel  generation 
of  the  mm  of  iaiiut  Toltagee  (eepeelally  valuable  during  creation  of  functional 
deeieee  of  two  or  aore  argument  ): 

'.-1  =  / 1(^  +  -i-  •  .  ^5.23 


&  Fig.  72  are  hrou^it  poealtle  Mtbode  of  cooneetlng  of  diode  eleaents  with 
potentiallj  grounded  dlodea,  eneuring  obtaining  of  current  cha-eMterieties,  located 
in  all  four  quadraote.  Change  of  character  of  current  characterietic  here  le  at¬ 
tained  bj  change  of  al^  of  input  aijpaal  (auxlllarf  anpll  .ler),  sign  of  support 
▼oltago  and  nethod  of  eoiqpilng  of  diode  in  the  circuit.  Circuit a  of  diode  eleamnts 
thus  obtained  are  divided  into  two  groupe  (Fig.  72a  and  72b):  diode  elanente, 
«forking  on  euitohing  on,  and  diode  elenante,  working  on  e» itching  off.  Diode  ele- 
■enta,  worklag  on  awltchlng  on,  are  tboee  for  vhlch  with  increaae  of  input  aignal 
bj  an  abeolute  value  the  differential  conduetance  with  reepect  to  the  input  aignal 
ehaagea  fron  aero  to  a  certain  conatant  value  For  diode  elanents,  working 

on  awltohing  off,  with  increaae  contootaaoe  decreaeea  a  certain  conatant 
value  AK, 

Calculation  of  paraaetere  of  the  circuit  of  the  oonaldered  diode  elenente  with 
potentlalljr  grounded  diodea  doea  noc  cauee  diffieultiea.  Indeed,  after  piecewlee- 
linear  approadjaation  of  the  given  nonlinear  dependence  (eee  Sect.  1  Chapter  VI)  wn 
already  know  tha  valoaa  and  ak,.  and,  theraf ore,  f or  a  selected  value  of 
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72,  Posaitle  ■sthods  of  coapUjng  diode  elewmts  with  poteotlalljr  grounded  dlodee 


oalcttLitlcn  r«due«a  Itealf  to  dotondJMtioQ  of  ^yt  by  relationthip  (5*19) 


(5.24) 


wAiaro  1  is  ths  mabsr  of  th«  diods  •laamit. 

The  eiuTsnt  charsc  tori  Stic  of  ths  coosiderod  diods  sleamt  taking  into  sccouot 
resistAACs  of  diode  can  be  jnrsssntsd  In  the  forn 


when 


*"  . 

•1  t* 


lihsn  >  / 


n 

bt  i  ‘ 


If  one  were  to  conparo  this  sxprsosian  for  ths  current  characteristic  with  equation 
(5*17)«  then  cos  can  be  conrincsd  that  oaleulation  of  resistance  of  diode  can  be 

f  ^  /j  -  -  U'. 

•nd  T  it  is  possible  to  write  ths  equation  of  current  charac¬ 

teristic  takint  into  accowt  resistance  of  diods  in  ths  fom 


0  idisn  V  C.- 
^  -  -'f  when'„>»^,' 


(5.24a) 


A  pseuliaritj  of  ths  considered  diode  elenants  is  ths  fact  that  at  sero  slops 
of  their  ourrsnt  charaeisristio  (AK,  -  O)  corrent  through  the  diods  eleaent  also 
is  equal  to  sero  </,  ^O) 

Thsrei'ore, for  reproduction  of  ourrsnt  characteristics,  possessing  secticns 
with  sero  incrsBMnt  of  current  when  /,  o.  it  is  necessary  to  resort  to  switching 
on  of  an  additional  diods  slsnsnt  with  a  current  characteristic,  ccnpensatlng  in¬ 
crease  of  ourrsnt  fron  all  switched  on  disde  slssnmts  of  the  circxdt.  This  oir- 
ounstanes  inersaass  the  total  eonsasption  of  currsn.  in  the  circuit,  the  noaber  of 
slssiUaneouslj  switch  on  diode  sleasnts  and  error  of  rsproduetion  of  the  giren  func¬ 
tion.  In  sinilar  caaes  large  advantages  oaa  result  froa  application  of  diode  ele« 
nents,  built  on  ths  prineipls  of  s  lisLtsr.  In  figs.  73a  and  73b  are  brought  two 
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tjpiCAl  circuits  of  such  diods  slsMits 


Fi^.  73*  Dl&grsaa  cf  diode  eleae&ts,  Mde  like  4  liai 
t^r,  and  their  current  charecteristies. 


For  the  discrea  of  Flf.  73c  with  the  accepted  desi^netions  the  eqiuetioa  of  the 
current  characteristic  will  be 

(5.25) 


fu  - 


'I  *9\ 
\ 


-1  '  I  I  *  "*  ^ 

When  <C.- 


♦  I  T 

y,,  Xu 

'  *  < 


cons!  when 


where 


A) 


Ay. 


/  -  f 

•s «  ^  A» 

4  '  * 


(5.26) 


If  we  disregard  resistance  of  diode  then  expression  for  the  eurrent 

y. 


characteristic  can  be  reduced  to  the  fora 


^r.e„ 


ydien  #*»  ^  o 


(5.27) 


,  ^^*-^-7  co«n  ^en  f»x  - 
••  A)r^  -f  iy< 


As  foUom  fron  these  relationahipe,  slope  of  current  oharacierletle  of  this  diode 
elsnent  depends  cnlj  on  the  reeistaaee,  deteralBed  bf  ak,  Theref eremite 


cal«ml»t4.on  do«8  not  differ  at  all  tnm  oalevlaiion  of  dloda  al— ant  with  potantiallj 
grosidad  dloda.  Hovavar,  hara  thara  la  a&  aaaantial  liadtatloa,  alnea  tUi  auat 
ba  laaa  thaa  r..  B(iaail«a  of  cvrtmtt  oharaetariatle  for  tha  dloda  alaaant,  da> 
plotad  la  fig,  73b  uLil  ba 

^  |«Ml)^iWhan  f,t  (5.28) 

**  {  f,my^  whan 


•  _ yp 

I  “  '~y 


(5.29) 

(5.3C) 


Froi  axpo^aaloo  (5.29)  it  fallows  >hfit  rolta^a  cf  switching  for  such  dloda 
alaaant  alwaja  should  ba  largar  than  Using  ralstiorshipe  (5.29)  and  (5.30),  It 
Is  poaalbla  always  to  datsndJia  raqiiirad  taluaa  of  and  by  tha  girm  valuas 
of  f!,  I  and  IK,'  Dloda  ^laantrt  of  this  typa  allows  ana  to  dacraaaa  nui^«*  of 
raalaUaoaa  la  elrouit  with  rwprodnotlao  of  odd  oharaotarlaties.  Indaad,  if  in  tba 
eireuit  of  fig.  73b  m  wars  to  switch  in  still  aaothar  dloda  with  r«k^.faooa  Toltaga 
as  ahoHB  in  Fig.  73e,  tbaa  m  can  ^ta:U  a  Uieltar  with  blXataral  liadtaticn, 
and  aueh  a  donblad  dloda  alwMet  )41l  work  daring  both  signs  of  Input  signal,  oot 
raquirlJig  additional  dlodas  for  conaotatlon  of  iaqput  signal  in  algn  sad  using  tha 
sans  raaistanoaa  sad  £24* 

Dloda  alsnoBts  ihc««  Iti  Figs.  73a,  73b  sod  73c  ara  alsnants,  workinf  oa  switch.* 
lag  off.  Oihar  poaaihla  nathods  of  eoapUng  of  dloda  alsnants  of  this  typa  sxa  shewn 
in  Fig.  74.  As  follows  fren  tha  flgura,  diods  alsnants  of  tha  Uni  tar  typa,  working 
on  owiiohiJii  oa,  alwyt  up  to  nensnt  of  ndtohlag  oa  giva  at  tha  Intagratlng  poiat  a 
oaaataai  carraat  eoagMamt.  Dloda  alanMta,  aaaaahlad  dlagran  I,  can  ba  uoad 
with  oMiiahlaf  Toltagaa  froa  0  to  and  by  dlsgraa  II  —  for  swltohlng  woltagas. 


74.  Posalbl*  aertboda  ckf  ceupHaj  dloda  aXaMota 
of  tha  Ilaitar  tjpa. 

JST;  (a)  Dlagraui. 


CoB^lmwi  died#  •XcMsts  Um  tcialltjr  of  vwrlottf  typts  of  diod«  tlmmf  9, 
Ao'^tvoU^  th«]r  Ar«  ast  rodLljr  an  olaMit,  bat  a  diode  eireoit,  roppodocieg  a  ocn' inaar 
eharaotaristie  of  tijqilaat  fom.  In  I‘^8«  75*  and  75b  %n  brousht  two  axa^slat  of 
cottblned  dloda  alowHste  and  thalr  ramiltaat  eurroat  oharaetwlatioa.  Edoda 
depiotad  in  fig,  75*9  *  eoi&inatloa  of  a  diode  liaitar,  aada  bf  dia4praiB  I 

r,  R^  and  diode  liaiter«  aada  dia^raa  II  (i?2*  ^  ^2^*  Diode 

elewmt,  praeetoted  in  Pif.  75b«  eoaolats  in  turn  of  a  diode  elensnt  with  poten¬ 
tially  grounded  diode  r,  and  R2)  wi  a  diode  Uniter j,  Bade  diagraB 

II  (R]^ f  R2  and  Jl ^)» 

Cooparitoo  of  0111*1*001  charaeterietiee 
of  both  tjpee  of  doubled  diode  eleuanta 
shows  that  their  distinction  c 'insists  of 
the  fact  that  in  current  characteristic 
of  first  circuit  thore  is  initial  current, 
different  froB  sero.  This  current  can 
be  compensated  by  supplying  additional 
current  at  the  integrating  point  from  a 
reference  roltage  through  a  corresponding 
resistance.  During  use  of  the  second  cir¬ 
cuit  it  is  possible  in  the  sane  way  to  dis¬ 
place  the  characteristic  along  the  oxls  of 
ordinates. 

Circuits  of  diode  generators .  Usualljr 
during  construction  of  the  circuit  of  a  nonlinear  generator  separate  diode  elements 
are  connected  in  parallel.  This  aaans  that  current  at  the  Integrating  point  of  the 
operational  amplifier  at  a  giren  Toltage  of  the  argument,  la  equal  to  the  sum  cf 
currents,  sat  to  this  point  bjr  erery  diode  eleawnt  under  the  influence  of  the  vol¬ 
tage  of  argument  and  the  refe'^'snee  voltage.  Thus,  for  example,  during  construction 


Pif*  75*  Doubled  diode  elS' 
sents. 
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Fig.  76.  Diagranw  oi  connection  of  ciiode  eloaente 
potentially  grounded  diodes',  working  on  switching  m] 
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of  a  circuit  onl^  cm  diode  eleMritt  iwlth  potentially  grounded  diodett,  working  on 
switching  on,  m  hare 


where 

when  f»x  > 

0  when  ~  ^s\i« 

and  k  is  the  nunber  of  sijntltaneoualj  switched-on  diode  eleaents. 
When  *1,1 

/l  =  tl  mix  ==  2  15  I  l^»i  I . 

I 

I  ~  ■«!  !• 


(5.31) 


(5.32) 


where  n  is  the  total  nunber  of  diode  elements.  When  <>.,  —  0.  A.  ■=:  0. 


Current  characteristics,  which  can  oe  obtained  with  the  help  of  such  eleoMnts, 
are  presented  in  Fig.  76a  and  Fig.  76b.  Bgr  change  of  aagnitude  ri  in  first  diode 
eleoNAt  characteristics  can  be  displaced  along  the  axis  of  abscissas  a  required 
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■Afnltude,  In  particular^  characteriatlcB  atari  fron  the  origin  of  coordinataa,  aa 
this  is  shown  on  those  figures,  when  i.e.,  with  disconnecting  of  reference 

Toltage  from  first  diode  eleaent*  Shift  of  current  characteristics  along  the  axis 
of  ordinates  parallel  to  theaselves  is  attained  by  addition  of  a  constant  current 
component  by  means  of  connection  of  a  source  of  constant  (reference)  roltage  through 
constant  resistance  to  integrating  point.  Considered  ciircuits  give  build-up  of 
differential  conductance  with  increase  of  input  voltage.  Therefore,  they  are  directly 
useful  for  reproduction  of  ncnot<mic  functions  with  positive  value  of  second  de¬ 
rivative  (with  respect  to  absolute  value  of  change  of  arguaent). 

During  reproduction  of  even  functions  it  is  possible  for  two  quadrants  to  use 
one  diode  circuit,  supplying  it  additionally  with  cossnitating  diodes,  connecting 
to  the  input  of  the  circuit  always  a  voltage  of  the  saas  sign  (Fig.  77 )« 


Fig.  78.  Circuit  for  reproduction  of 
odd  functions. 
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During  rsproduetion  of  odd  funotions  it  is  nscssssrsr  to  uss  in  •Tsr7  qmdrsnt 
its  OMU  diods  olreuit.  irsnsition  froa  one  eireult  to  anothsr  is  csrrisd  out  hsre 
autontlc&llx  (Fig.  78).  If  on  first  interv&l  of  change  of  argument  it  is  neces- 
sarjr  to  bars  current  chAraot eristic «  whose  slope  is  different  froa  sero,  ard  if 
with  this  ala  first  diode  elsasnts  are  replaced  h7  resistances,  then  it  is  neces¬ 
sary  to  connect  to  the  input  of  the  circuit  a  ccanutating  diode  cell  as  shown  in 
Fig.  78  by  the  dotted  line. 

During  use  of  diode  eleaents  of  the  same  type,  but  working  on  switching  off, 
we  receire 

=  (5.33) 

I 

and 


When 
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•i 
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when 
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^  .1  !• 
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f  1 

1  P, 
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1  ^ 
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> 
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and  when 


*.t 


=  0.  /x  =  /.«.,  =  2±^y-^o„. 


Current  characteristics,  corresponding  to  expression  (5.33)f  are  shown  in  Fig. 

79  for  all  four  quadrants  with  ▼arious  paraaeters  of  the  circuit.  They  gire  de¬ 
crease  of  differential  conductance  with  Increase  of  absolute  ealue  of  input  signal 
and  therefore,  are  directly  useful  for  reproduction  of  nonlinear  dependences  with 
negative  values  of  second  derivative.  As  in  pi^edlng  ease,  by  addition  of  direct 
current  at  integrating  point  it  is  possible  to  shift  considered  current  characteris¬ 
tics  along  the  axis  of  ordinatvj  up  or  down.  As  exaaple,  1st  us  consider  reproduction 
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of  nonlinoau*  dependonca 


».«  =  -  10  VX. 


Currant  charactariatloa  of  input  circuit  and  faadbaok  circuit  will  ba: 

/j  = 

Character  of  change  of  differential  conductance  la  detersined  by  ralatlonahlp 


K.= 


rf/,  ^  bVt 
dtmm  V  *H 


Magnitude  decreasea  with  Increaae  of  Co-'aequentljr,  for  reproduction  of  giren 

nonlinear  dependence  one  ahotild  uae  diode  elements^  working  on  switching  on,  en¬ 
suring  positive  value  of  differential  conductancr.  Koweveryin  given  ease  when 


=  ^1  =  0»  «  100  T 


Pig.  79.  Current  charaeteria- 
tlca  of  circuits,  conaiatlng  of 
parallel  coneetlon  of  diode  ele- 
■enta  (with  potentially  grounded 
diodes),  working  on  statching 
off. 


Il  =  10012- 

Although  parallel  connection  of  diode 
eleaents  with  potent lali/  grounded  diodes, 
working  on  awit^cning  off,  ensures  required 
character  of  change  of  conductance  with 
change  of  input  signal,  it  does  not  give 
coixicidence  of  current  characteristics, 
since  when  #„=0.  /s  — /i.*,.  and  when 
m,x-  -  0  In  order  to  receive 
coincidence  of  given  and  obtained  current 
charactezdstics,  it  is  necessary  to  carry 
out  shift  of  current  charact eristics  by 
supplying  at  integrating  point  an  aiklltlonal 
constant  current  eoaponent,  equal  to  value 
of  and  =  0  for  a  circuit  of  purely 
parallel  connection  of  these  diode  eleaents. 


-171- 


The  circuit  of  e  diode  nonlinear 
generator  thue  obtained  ie  ehoim  in  Fig. 

80.  Here  for  eijiplifieatian  ie  brought 
approxiaatioa  b7  four  diode  eloownte.  Re- 
quantity  of  diode  elenmts  and 
initial  data  for  calculation  of  their  para- 
neters  are  detemined  after  piecewise- 
linear  approxiaatlon  (see  Section  1,  Chap¬ 
ter  VI), 

Current  characteristic  in  Fig.  80^ 

can  be  obtained  also  b/  diode  eleaents  of 

liniter  type  and  working  on  switching  off. 

Fig.  80.  Method  of  reproduc-  Here  there  is  not  required  additional  shift 

tion  of  dependence  by 

diode  elenents  (with  potentially  of  the  characteristic  and  there  do  not  ap- 
^unded  diodes),  working  on 

switching  off.  po<tr  acconpanylng  increase  of  eonsuaption 

of  current  by  the  circuit  and  growth  of  error  for  wall  input  signal  values .  During 
construction  fron  these  diode  eleswnts  of  a  circuit  one  aust  on  the  first  two  seg- 
nents  of  the  decoapoeition  (for  which  )  apply  diode  el  wants,  nade  ac¬ 

cording  to  dlagran  I,  and  for  the  laet  two  eegnents  —  ones  nade  by  diagran  II  (see 
Fig.  74b).  During  reproduction  of  the  last  segasnt  of  the  decoapoeition  it  is 
possible  to  replace  the  diode  eleaent  a  resistor,  connected  to  the  integrating  point 
and  input  signal.  The  circuit  of  such  a  diode  eonverter  for  reproduction  of  nonltnear 
dependenoe  of  the  above-considered  socaaple  is  sfawon  in  Fig.  81, 


Bqnatlon  of  the  current  oharacteristlc  of  the  oirciiit,  oonpoeed  of  diode  ele- 
■snts  of  Uniter  type,  working  on  switehiiig  off,  can  be  found  on  the  basis  of  (5*27) 
and  (5*28)  fron  expression 


$ 


»her.  ■  1.  th.  nioter  of  diode  ele««ti,  wda  bjr  dl**rM  I.  «,d  n  1.  the  toUl  n«- 
ber  of  diode  elements. 

^  As  follows  from  the  expression,  with 

growth  of  absolute  value  of  input  signal 
ffcu  total  differential  conductance  of  the 

circuit  fell,  end  uh«i  con- 

ductance  Ki  ~  0  and 


I  ael 

When  =  0  thfl  circidt  gives: 

~  =  2  iJ'i  -f  2  It  —  0 

«el 

For  a  circuit,  composed  of  diode  ele¬ 
ments  of  limiter  type,  but  working  on 
switching  on,  the  expression  for  the  re¬ 
sultant  current  characteristic  can  be 


Fig,  81,  Circuit  of  connection 
of  diode  elements  of  limiter 
type,  working  on  switching  off, 
for  reproduction  of  dependence 


written  in  the  form 


(5.35) 


-e -f  r,  +  ’^hen 


•I  ^mil* 


^  m 

^  whenf»«>fMf. 


Here 


■jo*' 1  b"*  and  AK 
^1/  T-  Ku  ft) 


In  considered  case  total  differential  conductance  of  circuit  increases  with 
Increase  of  absolute  value  of  input  signal. 


Wihen 


m  « 

/  „  *»ii  \' 

ftf  +  r,  ^  ^ 

I  m  rl 


Mifli  #  =  f 

I  <it*i 

Ac  in  earlier  OGoeidered  caaeci  it  ic  poeeible  bgr  coupling  to  the  integrating 
point  of  an  additional  constant  current  eoapenent  to  coMpenaate  initial  dieplace- 
aent  of  the  characterlaitc . 

The  preceding  ehowa  that  ajnthealslng  of  circuit  a  of  nonlinear  generators  fren 
considered  diode  elenanta  can  be  carried  out,  proceeding  fron  given  the  character 
of  change  of  differential  conductance  and  the  initial  and  finite  values  of  cur¬ 
rent,  sent  by  the  circuit  to  the  Integrating  point.  The  first  condition  allows  us 
to  explain  what  kind  of  circuit  (based  on  switching  on  or  switching  off)  of  diode 
elenent  of  considered  tjpe  one  should  use,  and  the  second  gives  certain  indications 
of  the  type  of  diodo  eliweent.  which  one  should  appGLj  or  about  character  of  shift  of 
total  current  characteristic. 

Final  selection  of  type  of  diode  elensnt  can  be  aade  proceeding  fron  analysis 
of  errors  Introduced  by  diode  eleewnts  of  various  tjpes,  and  taking  into  account 
necessity  of  obtaining  paraasters  of  circuit,  not  exceeding  pemissihle  Units. 

Thus,  by  conditions  of  work  of  operational  anplifiers  feeding  the  circuit  of  the 
nonlinear  generator,  total  coasu^stion  of  current  nust  not  exceed  10  an.  Therefore, 
alnlwai  values  of  resistances  r^,  R^,  anu  R^^  should  be  selected  in  such  a  ann- 
ner  that  the  equavalent  input  lapedance  of  diode  circuit  is  lower  than  10  kilohna. 
Here  quantities  rj^,  Ri,  R^j^  end  R2^  will  bs  greeter  then  10  kllohns  and,  eoneequently, 
error  fron  final  raeietanee  of  diodea  in  the  etraight  direction  will  be  negligible. 
The  upper  Halt  of  tbeee  reeletaaoee  ie  aleo  United  by  preeenee  of  leake  in  the 
circuit,  which  for  large  reeiaieaeee  develop  nore  eharplj,  end  by  teohnieal  dif- 
fieultiee  of  eeleotion  of  required  reeiateaeea.  In  onita  developed  by  the  Aeadeay 
of  Scieneea  of  the  USSR,  the  iqiper  liait  for  theae  reeiataneee  conetitutea  $  nagobae, 
end  the  lower  $0  to  lOO  kilohna. 
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CHAPTER  VI 

PRIMCIPLSS  CF  THECRI  OF  DIODE  FUNCTIONAL  GENERATORS 

1.  Datendnixig  th«  Law  of  Dyoapotltly  of  the  Axio  of  an  ArgUMnt  and  Valuaa 
of  Dlf f eraotial  Condoct^co  of  a  flircuii  on  Erory  Sojpaant 
Daring  Plocmdao-Linaar  Approadnation 

* 

Probloa  of  plooowlao'-llnoar  approxlaatlon  of  nonllnoar  function  —  >/(>,.) ') 

conslata  in  finding  a  aoriaa  of  fixan  Yaluaa  . Mhich  proridaa 

approxinatlon  of  broken  line  with  warticaa  '/{'C  i)  '/{‘C  :) .  '/(’’CJ 

cunra  v/(C#„)  in  such  a  nannar  that  co  tha  whole  intarral  of  change  of  abac- 
lute  error  of  approxination  of  tha  function  does  not  exceed  a  glren  walue  * 

Of  furHion  '/•''..)  it  is  assuned  that  it  is  unaablgous  and  continuous  in 
the  given  inteml  of  change  of  f„  and  has  a  continuous  first  derivative  ever7- 
where  on  it,  with  the  exception  of,  perhaps,  a  finite  msaber  of  points  of  dls« 
continuity  of  the  first  ki'jd. 

In  such  a  fomnlation  the  problen  of  piecewise-linear  appreodnation  present 
for  every  Interval  ~  «  the  problen  of  approxinatian  of  the  given  function 

'/!>..>  by  a  ploynonial  of  the  first  degree.  As  is  known,  error  of  such  ap- 
proxiaation  is  detendjied  by  th^  renainder  of  the  interpolating  fonsula. 

For  Newton's  interpolating  f omnia  during  linear  interpoLation  the  reandnder 


e  *  is  the  scale  of  the  function,  ;  —  the  scale  of  the  argmeat. 


a  7  S* 


will  hara  the  for* 


*)('•«  t  - 1)’ 


(6.1) 


where  '.y>r;)  la  the  value  of  eeoond  darlvatlTe  at  a  certain  point  Inaida  inter- 

C*- 

Froat  analjaia  of  foroula  (6.1)  it  followa  that  will  a  value  of  aaxi^ 

nmm  modulo  when  and  expreaaioo  ((*,,  ~  C  *)('••  ~  C  ».i)I  ainultaneoualj 

att;^  their  taaxijacai.  For  that  worst  caae  we  obtain 


Mil 


(6.2) 


Conalderlng  — max  j /?(<>„) i.  we  obtain  froai  (6.2)  expreasion  for  determi 


nation  of  length  of  a  segment  of  the  deeaa^)08itlan  in  the  form  \  ~(C  t) 


(6.3) 


during  subdivision  of  the  axis  of  the  argument  there  is  determined  in  the  given 
range  the  dependence  =  The  whole  range  of  approximation  is  divided 

into  subranges,  in  which  function  )  changes  monotonlcal  ly.  In  everj 

subrange  suiaulvlelon  is  'j>^(cvn  rr««  *•,  ‘1%^  wil.  w.'uc!'  f  ttu 

the  greatest  value. 

Considering  piecewise-linear  approadmation  b7  diede  elements,  connected  to  the 


input  of  the  circuit,  it  Is  expedient  to  croes  from  initial  dependence 
to  current  characteristiec,  for  exa^ile  and  ^  In  this 

ease  formula  (6.3)  takes  the  form 


(6.4) 


where 

(A/,U  •»'r 

-*For  derivation  of  forauia  see  book  of  ¥•  Te.  '^obxlnskiy  [1]. 


Br«akln^  down  the  current  characteristic,  it  is  poealble  to  directly  determine 


the  value  of  conductance  of  diode  circuit  on  every  interval  'r.  ».i  ' 
for  orery  diode  element. 

Indeed, 

w  _  ■<)-'«,,>  I 

*  "  "  "  ■  '  (6.5) 


*-| 


'•«  *  r  I 


whence 


Formula  (6,4)  ie  correct  when  vertices  of  the  approximating  polygon  lie  on 
the  ideal  curve.  If  approximation  is  conducted  so  that  vertices  of  approximating 
polygon  lie  on  lower  or  upper  boundaries  of  field  of  allo^^ce,  formula  (6,4)  re¬ 
mains  in  force  during  replacement  of  the  given  function  '/'•''.i*  67  *-  ‘I 

and  substitution  in  (6.4)  in  place  of  :  its  doubled  value.  Here  ae  the  ideal 
curve  is  taken  the  upper  or  lower  found  of  the  field  of  allowance. 

The  pi^sented  method  is  net  connected  with  specifics  of  the  given  appraisal 
of  accuracy  of  the  considered  functional  device.  Thus,  for  exastple,  if  as  criterion 
of  accuracy  is  selected  not  but  .  .h-wi  can 

be  effected,  using  expression  (6.3),  in  which  in  place  of  ‘  is  put  “ 

»  2',  V !>,,).  and  the  condition  that  the  approximating  straight  line  inside  the 

considered  interval  »,i  -  *  is  siaultaneously  tangent  to  the  upper  or  lower 

boundary  of  the  field  of  allowance  (depending  upon  curvature  of  the  given  curre) 
at  point  f..  --- 

On  the  basis  of  the  above  we  obtain 


(^*1  *fl)  (^*4  t) 


'•t  4^1 


'Si  i 


(I  ±e, )/,/'(>„) 


(6.6) 


and 


■177. 


(•’ll » ♦  I 


(6.7) 


Tbas,  we  obtain  two  aquations  of  two  unknowis,  '  and  ^  froa  which  m 
detamlna  the  sought  walua  of  ^ 

Changing,  thus,  from  one  intanral  to  another,  we  obtain  not  onlj  the  length 
of  separate  lirterrals  of  the  decocaposltlon  of  an  argument  and  law  of  decoapositioo, 
but  also,  wary  important,  the  walue  of  conductance  of  the  circuit  on  erery  interval 
which  allows  us  in  a  number  of  cases  iismsdiately  to  calculate  resistance  of  separate 
diode  elements,  and  consequently,  to  obtain  cceiplete  calculation  of  the  circuit  of 
the  functional  derice. 

Let  ui  consido'*  application  of  the  presented  method  to  a  concreate  exafl^)le. 

Sxaaple.  It  Is  required  to  desing  a  diode  functional  generator  for  reproduction 
of  ^’jncticn  —  0  oi  with  error  of  approcclmatlan,  not  exceeding  +  0.2^%, 

Diode  elemente  are  connected  only  to  the  input. 

Current  characteristic  of  feedback  circuit  is 


(6.8) 


Curnmt  chu«ct.ri.tlc  of  input  circuit  is 


(6.9) 


Characteristic  of  ideal  change  of  conductance  of  input  circuit  here  Is  linear: 


(6.10) 


Second  derivatlre  of  glren  function  will  be  a  constant: 


d*i 

— ^  0.02  K,. 


(6.11) 


Therefore,  all  sessents 'J, *  will  be  identical  and  equal  to 


The  total  rnssber  of  segments  of  the  decomposition  will  be 


A  IE- -1* 
20}  • 


(6.12) 
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Graph  of  dapendence  (6.1^)  when 


^.1  --i.=  100  T  is  shofwn  In  Fi/?.  82. 

A$  follows  fro«8  th«  graph,  decrease 
of  perralaaible  error  below  0.1  r  (0,1%) 
leads  to  exeessiire  Increase  of  the  number 
of  required  steps  of  decomposition  and, 
apparently,  does  not  hare  meaning,  since 
due  to  error,  inti^xluced  by  diode  elements 
themselves,  total  error  here  may  not  be 
lowered,  and  increases. 

When  =  100  v  and  ^  =  25  v 

(vertices  of  approximating  polygon  are 
located  on  the  ideal  curve) 

n  =  10,  hjj  *  10  V 
On  basis  of  (6.5)  we  obtain  breakdown  of  conductances: 

F,  =  |2r„  (2/  KAiO.OIK,. 

where  i  =  1,  2,...,  n  —  the  number  of  the  interval  of  the  decomposltioa,  starting 
fron  the  section  of  the  greatest  steepness. 

In  the  considered  case 

u.OIF, 

Since  when  v,  Ti  *  1.9Y2»  increases  of  conductance  will  be 

identical  on  all  steps,  except  the  last,  and  are  equal  for  the  first  9  inte-nrals  to 
,  _o.2>  ,,  and  for  the  last  — O  IK,.  Quantity  Y2  we  select,  limiting  the 
■airimiwi  value  of  resistance  of  a  diode  elesMit  to  0.5  megohms. 

Then  T2  “  2*10”5  «oh,  and  "  2*10'^  mho. 

In  rig.  83  is  brought  the  resulting  deccaqx>sltion  oJ  the  parabola  for  that 
value  of  12* 


segments  of  a  decomposi¬ 


tion  on  permissible  er¬ 
ror  of  output  voltage. 


Fl4*  B3.  PlvcvwlM-Ilnaar  Approxlaatiga  of  quAdrAtic 

dAp«ndAiieA, 

KKI:  (a)  mo. 


rfhw  tpproxiaatlon  is  conducted  oy 
tPe  lower  bouncLary  of  the  field  of  au- 
lowance,  deccwposition  is  cArried  out 
also  by  expression  (6.4),  but  in  place 
of  •  wo  substitute  its  doubled  value. 
Here 

The  total  number  of  segments  of  the  de- 
coBposition  will  be 

^•t  mil 

/I  ^  '  . 

2 

*'*.  m..  *  iOO  ▼  arol  '■  “  0*25 

we  obtain 

^  '  V, 

h  =  40.0.353  “  U.12  V. 
Conductance  on  the  first  step  when  <•,, 

=  100  V  will  be 

-  1.859  T2 

The  increment  of  crnductance  will  also  be  constant  and  equal 

(AK,|,  -  ‘Jh  0  oiPj  0  :"<’»>  . 

The  increment  of  conductance  on  the  last  step  will  be 

*'1 

The  resulting  deccnpcsitlon  is  placed  on  a  graph  (Fig.  64). 

As  theee  csilculatlans  show,  if  one  were  not  to  put  additional  requiresMnts  on 
limitation  of  the  ■agnit.ude  of  the  first  derivative,  such  approxlaaticn  allows  one 
to  create  a  more  eear<u«i.cal  circuit,  since  it  requires  a  ssialler  number  of  diode 


Fig.  84.  Piecewise-linear 
approximation  of  quadratic 
dependence,  when  the  points 
of  switching  are  located  on 
the  lower  boundary  of  the 
field  of  allowance. 


slMHintl. 


Dm  of  pr98«nt«d  wthod  allovs  qg  caBp«.rfttiTel/  siapl^  to  d«tsrgdJi«  rvquirvd 
▼mlue  of  resistances  of  separate  diode  eleaents  and  the  order  of  their  switching  on. 

Thus,  for  exaaple,  aboife~«enticfied  decosipoaiticn  of  a  quadratic  function  (see 
pai^e  171)  sheers  that  coodoetance  of  a  circuit  Increases  vlth  Increase  of  input  sig¬ 
nal,  and,  consequentlj,  diode  elesMnts  should  work  on  principle  of  switching  00. 
Conductance  of  diode  element,  switched  on  first,  should  be  equal  to 

(AK,>,^O.I644y\,. 

and  conductance  of  the  remaining  six  elestents  are  identical  and  ars  equal  to 

Af,  =  0.2824y',. 

Iirtien  ^2  ■ho,  ^  0,lb44«10*5  mho,  AV'i,  *  0.2824  x  lO'^  aho, 

fLj  —  6*1»10^  ohm,  ”  R2  ~  ~  R/^  ~  R^  ~  ~  3»54*105  ohm. 

If  one  were  to  use  in  the  circuit  diode  elaaientB  with  potsntiallor  grounded 
diodes,  then  on  the  basis  of  (5*19)  we  obtain 


Substituting  ralues  of  sod  rj,  recoirert  earlier,  we  receire,  when 


c-  -  30  e: 


r,  =  . 

695  kilohjn 
Tg  =-361  * 

fg-=  244  * 
r,— 184  » 

f,«.l48  » 

fj  =  123.5  * 


The  clreuit  of  a  square-lav  fwtetion  gesterator  for  salectad  paramsters  is 

presented  in  Tig.  85a. 

In  OTder  to  ensure  work  of  aquare-Iav  fsnetion  genarator  for  both  signs  ox 
input  Toltaga,  one  nust  at  the  input  of  the  cireult  ecmnect  an  additional  slgn» 
ineerting  aagilifiar  and  two  diodes,  as  ahcnai  in  Fig.  85b.  With  tmoh  eonpllng  of 


t-c  o;  r.r<*  :  a  n.'i..n-Ar  »«.rv»*8 

vci.*,Ag«  of  t,'-'?  Mfli^  'I  Is  r.^-'PSB^iry ,  -ow^*^,  coms^i-r 

that  on  the  innut  ai  <ie8  there  apre*rs  a  voltage  drop  anri,  thc“«rore ,  •  ere  laaj  c>« 
required  addltionai  correction  of  cal^nlated  values  of  reeistancee  of  the  circuit, 
eepecialiy  on  the  laet  etepi . 

In  certain  cases  it  is  expekUent  to  use  the  same  diorte  circuit  for  ob\^inin^ 


direct  and  inverse  functions,  switching  it 
to  the  feedback  circuit  of  the  operational 
into  account  error  of  approxi-mation  of  the 
nected  by  relationship 


lor  this  jmrpose  from  the  input  circuit 
apniifier.  Here  Xo  *s  necessary  to  take 
direct  and  inverse  functions  are  con- 

.  ‘  (b.i3) 


♦  '-ip. 


* 


S^.  ?unda»entai  circuit  of  square-law  func 
ticn  generators. 


Therefore,  if  breakdoiei  ie  cArried  out  bj  e  direct  ftuiction  end  if  the  latter 
hae  eectlone  with  a  eteepneee  lese  than  one,  then  such  breakdown  can  lead  to  exces¬ 
sively  great  error  of  reproduction  of  the  inverse  function  during  coupling  of  the 

diode  circuit  into  the  feedback  circuits  In  these  cases  there  is  recosMnded  break¬ 
down  segnents  of  the  direct  fxmetion  with  a  steepness  larger  than  one,  proceeding 

fron  the  fact  that  (np  *  and  segaents  of  the  inverse  function  with  steepness 

less  than  one,  proceeding  froa  ths  fact  that  ~  :  With  such  breakdown  cf  the 

axis  of  an  argunent  error  of  approxination  will  not  excel  a  given  value  of 
with  coupling  of  the  diode  circtiit  both  to  the  input  and  to  the  feedback  circuit* 

If  function  ^ is  given  graphically,  then  double  grapMc  differen¬ 
tiation,  necessary  for  construction  of  dependence 

_ /-  1 

—  2  - 

leads  to  large  errors.  In  this  case  we  usually  resort  to  graphic  construetioo  of 
the  approximtlng  polygon.  For  this  nonlinear  dependsnee  -x/  o,,)  or  the 
cvirrent  characteristic  equivalent  to  it  /, -  is  depicted  in  ths  font  of 

a  graph  on  Biiliisetsr  graph  paper  in  coordinates  and  e.,  or  and 

So  that  graphic  error  is  aanll  ccsqsared  with  error  of  approxiJBation,  it  is 
necessary  to  draft  the  given  nonlinear  dependence  by  sections  in  Mgnified  seals. 
Thea  for  every  section  there  will  be  set  a  field  of  allowance  (absolute  error  '  ’ 
or  iKj  )  and  In  the  resulting  tube  are  inscx*ibed  straight  linss  in  such  a  way 
that  on  every  interval  uhey  do  not  g(*  beyond  the  lijiits  of  the  tube.  The  de8cx*ibed 
method  is  illustrated  in  Fig.  86. 

During  approxiaatlon  by  polygon  with  vertices,  located  on  the  curve  of  the 
given  nonlinear  dependence  (Fig.  87),  there  results  a  certain  increase  of  nunber 
of  segments  of  the  decempesition  as  compared  with  the  preceding  case.  True,  here 
error  in  reproduction  of  slope  of  given  eharacteristio  someidiat  decreases.  Final 
choice  asKXig  these  methods  of  approximation  can  be  made  taking  into  acoount 
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^/Suf 


66.  Msthod  of  ploc9wis<!-ll2^d&7  ap¬ 
proximation. 


2,  ^rror  of  Diode  Wocllnear  Ganaratora 

Af  In  study  of  linear  coaputin^  eleoents,  absolute  error  of  nonlinear  functional 
dericcB  is  determined  as  the  difference  of  ideal  and  real  ealues  of  catput  quantity, 
measured  at  the  ssme  notsent  of  time  during  supplying  to  the  dsYics's  Input  accord¬ 
ingly  rer?.  and  ideal  ealues  of  the  input  signal: 

=  (6.U) 


of 


Howwer  the  absolute  siror 

at  which  It  is  determined* 


obtained  thus  will  depend  on  the  value 
Therefore,  for  appraisal  of  accuracy  of  a 


device  here  it  le  poseibde  to  use  the  HudmiB  vmlne  cJT  a  particular  cri- 

terioo  of  acciiracj: 


0141 


or  the  Integral  practical  criterion  of  accuracy  (see  Chapter  III;  page  85), 

In  eofmecticn  with  the  fact  that  the  circuit  of  diode  conTertera  clearljr  do 
not  c<»itain  elaaants,  a'ole  to  store  ener^,  and  spurious  capaeitiTS  and  inductive 
resistances  in  the  operating  band  strip  of  frequencies  of  these  devices  are  neg- 
ligible,  further  cooelderation  le  conducted  exclusively  in  reference  to  error  of 
the  steady-state  regise. 

Depending  upaa  the  aethod  of  physical  realisatioD  of  the  femeticoal  device 
this  error  cai  be  caused  by  various  factore.  Koweva:^  for  most  devices  it  can  be 
divided  into  three  sain  ccaponoits: 

1)  errori  caused  by  errors  in  infxit  signal; 

2}  error,  connected  with  the  given  aethod  of  representation  of  the  given  non¬ 
linear  function  in  the  device  (for  eucastpie,  error,  introduced  during  piecewise- 
linear  approxlaatloo  in  the  case  of  diode  ymeraters); 

3)  error  of  reproduction  of  approxloated  nonlinear  dependsnee. 

Let  us  consider  fuich  conponent  of  error  ir.  reference  to  diode  functional  gen¬ 
erators. 

Srrer,  caused  by  inacciiracy  of  input  signal,  can  be  estlnated  on  the  assmptlon 
that  the  generator  ideally  reproduces  the  given  nonlinear  dependence  (no  errors  of 
approxinatian  and  reproduction  of  piecewise-Iinear  curve). 

With  such  consideration  there  are  rejected  exrore  of  the  second  and  hi|^«^r 
orders  of  anallness  and  results  turn  out  to  be  correct  for  any  functional  device. 

In  fact,  if  there  is  given:  then 


and 


or 


niji 
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I/O. 
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(6.16) 


Mhere  S«  is  the  steepness  of  the  girm.  fxmction. 

Thus,  relatire  error,  caused  by  inaccurac/  of  Input  signal,  will  be  greater, 
the  greater  the  steepness  of  the  nonlinear  dependence  to  reproduced. 

In  case  of  use  of  a  diode  functional  conrerter,  for  which  a  gim  nonlinear 
dependence  is  realised  sinultaaeously  bj  ceaneeting  a  nonlinear  resistor  to  the  input 
and  feedback  circuit,  we  receire 

JLl  (6.17) 


relative  error  is 


(6.18) 


where 


input  circuit ,  S,  r=. 


of  feedback  circuit. 


—  is  the  given  steepness  of  the 


- _«  the  given  steepness 

^•ui  mil  f 


current  characteristic  of 
of  current  characteristic 


is  follows  from  expression  (6.18),  relative  error  In  output  signal  la  greater, 
the  greater  the  steepness  of  current  characteristic  of  the  input  circuit  and  the 
less  the  st^tepness  of  the  current  characteristic  of  the  feedback  circuit.  Since 
in  feedback  circuits  there  is  realised  a  function,  the  rervarae  of  the  given  one 
(and  usually  realisable  at  the  Input),  then  by  singile  transfer  of  the  diode  circuit 
into  the  feedback  circuit  we  can  not  lower  the  error  from  inaccuraojr  in  input 
signal. 
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Curing  reproduction  of  nonilneer  functione  with  vnlue  of  eteepnese  higher 
than  10  one  athoold  present  rigid  requireonnte  on  accorecf  of  the  input  signal, 
and  ccnsequmtlj,  to  lowering  of  error  of  other  conputing  elsBents  of  the  installa- 
tioue  Thus,  for  exaaple,  ehra  «  10  and  '>.1  «  12  we  obtain  »  102^  which 

in  a  nuBiLber  of  cases  can  be  iapemissible.  Therefore^  electronic  analogs,  intended 
for  solution  of  nonlinear  problem,  should  be,  as  a  rule,  supplied  with  operational 
anplifiers  with  autioatic  stabilisation  of  sero  level  and  in  th«a  should  be  thorough 
"ground  Insulation"  (see  Chapt«r  IX,  page  289),  and  provided  other  aeasures  of  in¬ 
creasing  accuracy.  Let  us  turn  now  to  consideration  of  error  of  plecewise-linear 
apprccdnation*  Selection  of  the  quantity  of  penkissible  error  during  plecewise- 
linear  approodoatlan  is  an  Independent  and  fairly  conplicatad  question.  Here  we 
will  liait  ourselves  to  onl,T  several  reanrks. 

Practice  of  construction  of  specialis^xi  functional  convertors  showed  that  for 
aany  cooveraions  error  of  approximation  c  »  0.25  ▼  or  -  0.252  gives  total  srror 
of  ths  order  of  0.75  ^  12  during  reproduction  of  a  given  function  with  steepness, 
not  exceeding  10.  Decrease  of  the  qxiaatity  lower  than  the  shown  neaning  leads  to 
sharp  increase  of  the  required  nuaber  of  segmnts  of  the  decosq>ositlon  of  the  argu- 
nent,  and  consequently,  to  increase  of  the  nmber  of  diode  elamnts  and  loss  of 
total  accuracy. 

During  reproduction  of  functions  wiUi  steepness,  exceeding  10,  error  due  to  in¬ 
accuracy  of  input  signal  becones  so  great  that  it  is  possible  without  sacrifice  < 
of  total  accuracy  of  the  device  to  increase  the  pemisslble  value  of  i  and  to  re¬ 
ceive  thereby  eeonony  in  the  nuaber  of  diode  eleaents.  It  is  rational  to  select 
Iqr  the  relationship, 

=  (4.W) 

Then  wIhki  •  0.12  aid  S,  •  10  we  wll  have  “  0.252. 

Srror  of  reproduction  of  approodaated  nonlinear  dependence  during  coupling  of 
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circuits  of  diode  elements  to  the  input  snd  in  feedback  circuits  of  an  operational 
amplifier  will  be  dotermined  by  error  in  Talue  of  curraots,  sent  by  these  circuits 
to  the  integrating  point  of  amplifier.  Indeed,  if  given  nosilinear  dependence 
is  reproduced  by  current  characteristics  /,— ',/i <'«'..)  and 
h  then  in  the  worst  case  total  error  in  output  voltage  will  be 

.  «/  .  w  (6.20) 


Hera  and  have  ideal  meaning,  given  bf  piecewise«linear  approxi¬ 

mation.  Including  the  error  in  these  quantities  would  not  change  the  result  practi¬ 
cally,  since  here  there  would  be  considered  only  error  of  the  second  order  of 
smallness. 

Relative  error  here  will  be 


{^i  “h 


(6.21) 


since 


Thus,  to  explain  total  error  of  a  functional  generator  from  Inaccurate  re¬ 
production  of  the  approximated  characteristic,  it  is  necessary  to  know,  besides 
steepness  of  current  characteristic  also  relative  errors  in  output  currents 
of  diode  circuits,  coupled  to  the  input  and  feedback  circuits.  Since  deterndnation 
of  error  of  diode  circuits  with  respect  to  output  current  does  not  depend  on  the 
place  of  coupling  of  the  diode  circuit,  then  in  the  future  it  is  conducted  for  cir¬ 
cuits,  switched  into  the  input  circuit.  For  circuits,  switched  into  the  feedback, 
it  is  possible  to  use  results  received,  accordingly  replacing  the  index  for  current 
and  voltage. 

Besides  error,  introduced  by  diode  circuits,  an  integrating  <^rational  am¬ 
plifier  also  introduces  error  from  aero  drift.  During  use  of  amplifiers  with 
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autoKtlc  atAblliMtlGn  of  i«ro  lerel  this  error  as  coapared  with  othera  can  be  dis¬ 
regarded. 

The  ■ain  part  of  error  in  output  current  of  diode  circuits  consists  of  sjs- 
teantic  errors^  caused  by  inaccuracy  of  selection  of  resistances  of  separate  diode 
eleaentSf  change  of  current  of  incadescence,  influence  of  internal  resistance  of 
diodes  and  their  resting  current ,  ),  inaccuracy  of  setting  of  the  quantity  of 
reference  Toltage,  influence  of  change  of  temperature. 

Error  of  the  circuit  of  a  diode  ccnrerter  can  be  found,  knowing  errors  intro¬ 
duced  h7  separate  diode  eleawnts,  from  which  the  circuit  is  ccnposed.  Therefore, 
we  will  conduct  an  analysis  of  error  for  every  considered  type  of  diode  element 
separately. 

Aa  was  shown  earlier,  current  of  a  diode  eleswnt  with  poteritially  grounded  diode 
can  be  found  from  expression 


idience  absolute  error  in  current,  created  bj  one  diode  element  will  be 


(6.22) 


where  i«  the  resting  current  of  the  diode;  Ar,,  —  change  of  re- 

slstaacee  R^,  rj,  and  reference  voltage  <'',1.  —  valuee  of  resistances, 

received  frcm  calculation  of  piecewiee-linaar  approadaation. 


and 


Proceeding  to  relative  errors  and  expanding  the  value  of  expressions 
-r'-.  we  receive 


Uy  «  '  ^ 


(^4).  ^ I  mi$ 


_ _ 

(^j)m  aiii 


'  tiff 

(6.23) 


•Resting  current  is  tbs  ourrsnt,  flowing  through  diode  during  sero  difference 
of  potentials  between  plate  and  cathode. 


Relative  error  of  reeietancee  and  r^^  In  turn  can  be  pr.  d  aa  consleting 
of  three  coatponente:  one,  deterained  by  inaocuraej  of  eeleetlon  of  reelataneee 
the  second,  caused  b^  change  of  resistance  of  diode  during  change  of 
current  flowing  through  it  and  oscillations  of  eurrent  of  ineadescenee 
and,  fiiMdlj,  third,  caused  by  change  of  resistances  under  the  influence  of  change 
o"  ambient  temperature  {>.R,h.  '‘r,j 

Therefore, 

iRi  —■  iRi„  -f-  '-R.i  4  —  '-r..,  4  '*/’,»  4 

Quantities  ’>Rin  and  or,,  are  detemlned  by  allowance  for  selection  of 
resistances.  During  use  of  resistors  VS  and  MLT,  having  faetorx  allowanee  ±  10^, 
usuallj  selection  is  carried  out  with  accuracy  of  0.25$,  applying  for  decrease  of 
error  cocpound  resistors  (two).  Resistors  R^  and  rj^  are  beet  select  with  allowance 
of  one  sign.  In  accordance  with  expreeeion  (6.23)  this  should  give  certain  decrease 
of  total  error. 

Error  due  to  change  of  ambient  tesqperature  can  be  determined  from  expreeeion 

20).  (6.21) 

where  a  is  the  teapermture  coeffiele.it,  equal  for  VS  and  MLT  to  ~2  I0~*— L. 
in  the  interval  o  from  +  20  to  100°C. 

In  spite  of  eoaqmratively  large  >1  influence  of  change  of  temperature  from 
20  to  60*  C  is  small,  since  ohangee  of  '</?,.  are  cospensated  partially  by  change 
of  '>.M  and,  furthermore,  resietanoe  in  feedback  circuits  changes  in  the  same 
relation,  so  that  with  changing  input  current  current  of  the  feedback  circuit, 
also  chsngee,  and  voltage  at  output  ehsngee  little. 

The  most  eeeential  oemiMaent  of  the  conaldermd  error  is  caused  by  change  of 
resistanee  of  the  diode  during  operation.  This  ecmpoment  of  error  can  be  found  from 
relationship,  brought  on  page  151,  in  the  form 

w  W",,  ««  ( “-  4  ) . 
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10  tlbe  MJdJByBi  d«fIeetiofi  of  roolatanco  of  dlodo  fron  tho  valuo  of 


-i  6()0  OM  taken  for  celcwlatioiae. 
Considering  that 


r 


we  reeelTe 


(6.25) 


In  fljg,  88  are  broo^tt  the  corres  of 

where  A/’.  »  200  ohn  and  earlotts  z^Iationshlpe  - 

^om 

Froa  the  curres  it  follows  that  for  coneldered  diode  elements  error  and 

grows  with  Increase  of  t*;;,,  and  when  «  200  kilohn  it  can  attain  iMg- 

nitudes  of  the  order  of  0.4  0.5^. 


fig.  86,  Cunree  of  ohai^  of  errors  *>i 
and  depending  apoo 

Srror  due  to  change  of  aa^tnde  of  referense  roltage  is  proportional  to 
relatiTS  changes  of  this  voltage.  Therefore, aeearaej  of  operation  of  a  stabHised 
rectifier  for  reference  voltage  shoold  be  not  lower  than  0.1  ^  0.05g. 

Restiiv  current  ie  developed  at  the  nonsot  of  mloeklng  of  the  diode  elamt. 


and  usually  laads  to  looferlng  of  Jiwpa  of  the  first  derlYatiire  at  the  ■oswnt  of 
switching. 


It  was  expwrliientally  fixed  that  during  change  of  R^.  and  fron  50  Idloha 
to  1  BMgohm  and  filaiieat  voltage  trca  4  to  6  the  resting  current  ior  diodes  of 
type  6D6  oscillates  fron  1  to  8  microacipere^* 

Taking  into  account  the  reaerks  nade  and  disregarding  the  resting  current 
for  the  worst  case,  where  signs  of  ''>9,  and  are  opposite  to  sign  ^  we 

receive  for  naxlsRua  relative  error  of  the  diode  eleeaent  the  final  expression 

(6.26) 
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Pros  expression  (6.26)  it  foUowrs  that  reXative  error  in  current  cf  diode 
elenent  increaaea  with  increase  of  r,,  r',^.  the  steepnese  of  current  charac¬ 

teristic  IK,  -  J-  of  the  considered  diode  elesMit  and  change  of  resistance  of 
the  diode  i/',  relative  to  average  calculating  value. 

Results  of  detemixuition  of  error  for  other  diode  elsnent«,  received,  hy  the 
above-stated  Bwthod,  are  given  is  Table  IV. 

these  results  allows  us  to  sake  the  followU^  conoiuaione: 

1.  The  influence  of  intenoal  resistance  of  diodes  and  Inaccuracy  of  e«l4K:- 
tlcn  of  resistances  for  diode  elsnsnte  of  Halter  type,  asseabled  fay  diagraii  Q, 
is  significantly  less  than  for  diode  elsawats  with  potentially  grounded  diodee.  With 
increase  of  other  conditions  equal,  error  from  r,  decreases,  idkole  for  diode 

elisnte  with  potentially  grounded  diodee  it  increases.  Influence  of  iaaccuracy 
of  setting  of  ehowe  ouly  during  the  turned  off  state  of  a  diode  elensnt  of 

Halter  type.  In  eonnectian  with  this  it  le  expedient  during  eonatractioo  of 
eircttite  for  to  use  diode  elsMnte  of  Hsdter  type,  asi sailed  by  diagraa  IX, 
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T^ble  IV 


•t 


2.  Diode  eleiMnta  of  lijdter  tTpe*  working  bj  dlngriui  I,  do  not  girt  eeseatlAl 
adtrantnges  with  reepect  to  lowering  of  error  when  ccapared  with  diode  eleMnts  with 
potent  inll;r  gromded  oLiodea. 

3.  Per  All  ciruuita  without  exception  error  Inoreneea  with  growth  of  the  giren 
ateepneaa  of  the  currant  chameteriatic  of  the  diode  elaaent. 

Since  total  current  of  the  diode  circuit,  aend  to  the  integrating  point,  ia 
equal  to  the  aua  of  current a  of  aeparate  diode  elaaenta,  then  total  error  of  the 
diode  circuit  caa  be  calculated  for  the  worat  caac  a«  the  aun  of  errora,  introduced 
in  the  currant  by  erery  diode  element.  Thua,  for  ex.J^3le,  for  diode  circuit  (Fig* 
85a),  conaiating  of  diode  elaawwta  with  potantialXy  grounded  diodea,  total  relatire 
error  rdll  be  mariiaa,  when  all  diode  eleaunta  are  awixtched  on: 


f 

'l  fliai  "lii 


t 


h 

•  ti 


tt  ^(1 


ii^en  in  the  circuit  there  are  used  diode  eleawmta  of  liaiter  type,  then  it  ia 
neceaaary  to  conaider  error,  introduced  by  diode  elaaanta,  in  botn  on  and  off  atate. 
It  ia  neceaaary  to  aeek  to  build  a  circuit  of  nonlinear  cenrertera,  ao  that  tne 
nunber  of  aijwultaneoualy  "on"  diode  elenenta  la  ainimaa. 

Total  error  of  a  functional  darlca  can  be  calculated  by  axpreaalcn  (6.21)  and 
raluaa  of  '7,  and  '/]  found  aa  atown. 


3  o  Kathode  of  Conatruction  cf  Ci^^uita  of 
i>i<^a  FanctionaX  Oeneratora 

Aa  waa  shown  abora  (sea  Chapter  V,  Section  3,  page  156),  parallal  connection 
of  Tarloua  diode  elaaente  doee  not  eneure  poeeibillty  of  reproduetlon  of  a  euffi* 
eiently  broad  claea  of  fanctiana.  For  the  purpoea  of  axpanaion  of  poaalbUitlea  of 
diode  circuits  it  is  neeaaaary  to  apply  artificial  netboda,  for  aotanola  shift  of 
currant  eharactariatiea  fay  ecfnM»ction  at  the  iategratifig  point  of  an  a^ditioiMLl 
conataat  currant  conponant,  eunation  of  currant  eharactariatiea  of  aeparate  diode 
circuits  and  ao  forth.  Howarer  often,  for  reproduction  of  eteep  ftBCtlons  one  naat 


have  cjrr^t  characteristici  with  great  steepness  and  increase  the  rnosber  of  slnui- 
taneoufdj  working  diode  eleasnts  which  unfaTorahlj  affects  accuraej  of  work  of  the 
considered  devices. 

He  will  wstiaate  the  llait  of  the  given  steepness  of  current  eharaeterietics. 
Taking  as  base  quanti.ios  m., mat  *  lOC^  v  and  Halt¬ 

ing  Halts  of  resistances  in  circuits  of  input  and  feedback  to  quantities  1'  jd}.oha 
<  R  <  5  ne£f^,  we  receive 

0.02  <5  <  10. 

When  in  input  or  feedback  circuits  there  is  connected  a  eonetant  resietance, 
the  steepness  accordinglj  will  be 

5/.==  I.  Si.^l 

When  the  Hods  circuit  is  connected  onlj  at  the  input,  Sj^  ^  1  and 

i.e.,  steepness  of  current  characteristic  of  diode  circuit  should  be  equal  to  the 
steepness,  given  for  reproduction  of  the  function. 

Since  steepness  of  current  characteristic  of  diode  circuit  bgr  conditions  of 
ph/sical  reaH.satlon  is  limited  as  indicated  above,  then  the  class  of  functions,  re¬ 
produced  bj  such  functional  device,  will  oe  limited  bjr  these  limits  of  change  of 
steepness. 

During  couiecticn  of  the  diode  circuit  only  in  the  feedback  circuit 

5/,  =  .  5/,  ---  -  I . 

anj  tno  class  of  reproduced  functions  will  be  limited  by  conditions 

5,,  >  0  B  0.02  <  5/.  <  10 

Theref oxm, such  functions,  as,  for  example,  .  which  within  limits 

'  '.i 

of  change  0.1  v  •'  <  100  v  give  change  of  steepness  —  1000  <  5,  <  —  O.OOi, 
cannot  be  in  general,  reproduced  with  such  a  method  of  connection  of  diode  circuits. 


It  l8  possible  to  offer  a  nuaber  of  aethode  of  flTWthesia  of  diode  eloaents,  al 
lowing  oa  to  reproduce  a  giwm  nonlinear  dependence  with  steepneee,  YarTing  in  a 
wide  range.  These  aethoda  allow  ua  to  aake  diode  eonrertera  in  euch  a  aaoner  that 
ateepnaaa  of  currant  characteritics  of  separata  diode  circuit •  does  not  go  btToad 
ramisalble  liaita  and  that  it  ia  prorldsd  bjr  tha  least  nuaber  of  siiBultaneousl/ 
8witched'>cn  diode  eleaaenta.  Thej  are  baaed  on  the  earlier  derived  dependence 
(6. IS),  which  can  be  written  in  the  fora 


s. 


(6.27) 


Quantity  Se  and  the  characrer  of  its  change  in  functions  of  the  input  signal 
usually  are  given  by  tha  initial  nonlinear  dependence  ai^  the  problen  coneieta  in 
such  distribution  of  quantity  between  Sj^  and  so  that  each  of  th«B  does  not 

exceed  penaisaible  linlta.  During  eiaultaneoue  conaectlon  of  diode  clreuite  in 
input  and  feedbacks  steepness  of  the  givm  fuictioti  as  expression  (6.27)  shows, 

can  bs  realised  by  and  where  each  of  then  will  change  in  a  narrower  range. 

We  will  siiow  in  the  exanple  of  reproduction  of  function  ~  ~  the  aethod 
of  detemination  of  cui*rent  eharacterietlcs  for  cirouits  of  nonlinear  converteee, 
utilised  slnultaneously  at  the  input  and  in  feedback  elrcuita. 

Characteristic  of  steepness  of  the  function  for  the  considered  case  will  be 


For  the  purpose  of  decreasing  steepness  Sj^  and  Sj^  aa  collared  with  S,  we  will 
decoapoee  expreaeion  into  factors.  Such  decoaposltlcn  can  be  very  diverse^  Re¬ 
jecting  decQsnwsltions  leading  to  increase  of  the  degree  of  we  receive  a 

number  of  poeelble  variants} 

J®  —  JL  J®.  i.®  >  10  _io  I  _hL 

'it  't.  t  I*  .T 
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H«ict  axprMsions  for  itMpRoos  of  current  eharucteritiics  Aceordinglj  will  be: 


i.  Sj,  »=  — 


5/.=-~T5-“=7-r 


■  .  _  ^  ' 

Current  cheracterietlca  sen  be  found  by  integration  of  expression  and 

Indeed,  when  *  I2  ■  1  aa  and  *  ^00  t: 

/j 0,01  ^  *5/,  (^#28) 


M,  ■ 


/,*=0.01  J  Si,(1e^^t.\Ma]. 


(6.29) 


Here  *„  ,  azxi  ,  are  initial  walues  of  roltagce  of  considered  sections 
of  current  characteristics. 

V.1U..  Of  Si^.  Si^.  I,  »d  »d  ll.it.  of  Ch«*.  of  Si^  ».i  Sj^  .ith  Ch«,. 
of  and  in  the  intenral  fras  0.1  to  100  ▼  are  brought  in  Table  V. 

Coaqiarison  of  results,  brought  in  the  table,  shows  that  in  all  three  cases 
lisdts  of  cha''«e  of  steepness  of  Sj^  and  Sj^  are  significantly  narrower  than  lisdts 
of  uiiange  of  steepness  S,  of  the  initial  nonlinear  characteristic.  Such  an  approach 
actually  leads  to  functional  generation  of  initial  characteristics,  indicating  at 
the  sane  tins  a  regular  way  of  finding  the  fom  of  the  generation. 

First  variant  of  generation  of  current  characterietlce  one  should  recognise 
as  the  Bost  rational,  since  It  allows  us  to  use  identical  circuits  of  nonlinear 
converters  at  the  Input  and  in  feedback  circuits. 

On  the  basis  of  expression  (6.2?)  thsre  can  be  offered  another  nethod  of  re¬ 
production  of  a  given  function  with  a  wide  range  of  change  of  steepnese,  with 
which  the  given  steepness  of  the  current  characteristics  of  the  diode  circuits  does 
not  excecu  one.  Essence  of  the  method  consist s  of  the  fact  that  the  given  function 
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by  8t0epne88  In  broken  down  into  two  sections;  in  general  on  one  the  steepness  will 
change  from  0  to  1  and  on  the  second  from  1  to 

iieproduction  of  the  first  secticm  of  the  curve  cme  shoiild  place  in  the  diode 
circuit,  connected  at  the  input,  the  second  section,  on  the  diode  circuit,  coupled 
in  the  feedback  eirouit.  If  one  were  now  to  make  these  circuits  work  In  that  se¬ 
quence,  with  which  change  of  steepness  of  the  current  characteristic  at  the  input 
occurs  with  cmstant  steepness  of  the  feedback  circuit  (equal  to  1)  and,  vice  versa, 
change  of  steepness  of  the  current  characteristic,  coupled  in  the  feedback  circuit, 
is  carried  out  with  steepness  of  the  input  current  characteristic  constant  and 
equal  to  1,  then  this  task  will  be  carried  out. 

As  an  illustration  let  us  consider  reproduction  of  function  ~  10*^  ri,. 
Steepness  of  the  function  will  be 


d0  j  2 

10 


Sg  reaches  one  when  = 
Consequently,  up  to 
diode  coTverters  reformers 


/  T-  '  57.8  Y. 

=  57.8  V  the  given  curve  should  be  reproduced  by 
with  current  characteristics 


and 


u  10  (6.30) 

~ (6 .31) 


wherein  *,  —  *; 

'Quantity  u  —  m  we  determine  from  the  condition  that  on  the  considered  in¬ 
terval  of  change  of  arguswit  St-  »  100  .  -  I  Since  ,  then  .j  = O.OI 

(k»  the  boundary  of  the  first  section  —0.192  mu.  and  /..j,.,-  o  k<j 

On  the  remaining  interval  of  change  of  argument,  i.e,,  from  *•..  ==  57.3  v  to  100  v, 
=  —  1,  and  <S/,*='£  - 

Current  eharactexd. sties  on  this  interval  of  change  of  the  argument  can  be 
fotand  by  integration  of  corresponding  eharactezd.8tlcs  of  change  of  steepness. 


Sj  “  100 

i\  ^  —  |/l  “f  0.01  r^l|' 


(6.32) 


Since 


I  1 

*'s,  ""3  10-'^ 


I 

o^V’oJ^; 


thm 

A  =  ^*  rfM + igr”'  (6.33) 

The  greph  of  current  chAmoterlatiee  received  thus  it  thorn  In  Pig.  89.  Pno^ 
ledge  of  the  lew  of  change  of  current  eharecterietice  end  their  eteepneee  ellowj  cn^ 
■oet  retlonellj  to  eelect  types  of  diode  eleMnts.  Per  e  circuit,  eemeeted  et 
the  input,  it  is  retionel  to  uee  diode  elcMnte  with  potent lelly  grounded  diodee, 
woricing  on  switehiag  on.  After  — *11  diode  elaMnte  of  the  input  circuit 
ehould  be  ewLtehed  on  end  ehould  proflde  the  given  eteepneee  of  the  Input  current 
ohereoteriirtic,  equal  to  1.  la  feedback  eircuita  it  ic  rational  to  nae  dioda  aleo 
nenta  of  Uniter  type,  working  on  awitching  off  by  Hiagran  11.  When 

^.1  »»■*" 

all  dioda  elenenta  are  oonneoted  in  the  feedback  circuit  and  prcrlde  a  ateepoeaa 
-  1.  Ely  neaaure  of  inereaae  of  diode  elanMita  are  eonaecutivaly  turmd 

off. 

A  ocnplete  fundannital  circuit  of  the  eenaidered  nonlinear  generator  ia  shown 
in  Pig.  90.  In  it  ia  foreseen  the  poeaibility  of  work  idth  two  signs  of  input  and 
output  signala. 

The  uunber  of  diode  eleaenta  and  their  paraoMters  are  detemlned  on  the  basis 
of  pieaewiae-linear  appreodnation. 

Jm  certain  oases  lowerii^  of  the  ateepneaa  of  purr  it  ^laraeterlatiaa  of  diode 
foneratora,  oouplad  only  to  input,  can  be  carried  out  also  by  prellnifiary  ehift  of 
the  euree  of  differential  iwaluetanne  a  constant  qaaatity  and  nnmantlni  to  the 


Than 


S/,  f=  Sf.  —  5/„. 


if  S,  do..  ^  «  th.  -»1.  of  .h«*.  of  th.  ««. 

than  ai^^pnata  S  \<  i6,5.  i  Soch  &  shift  of  tha  eha£<««taristic  of  dlffaraotlal 
ataapnaai  of  a  constant  qtiantity  is  aquiaalant  to  turn  of  tha  currant  eharaetartstie 
a  oartala  aasl«*  It  is  obfrloos  that  tha  gra&tast  lowarinc  of  ataapaass  ahan  S_  •  1 
Gonatitutaa  -y  lharaforaibj  such  nathod  ona  can  obtain  currant  oharaetarlatiea 
with  ataapnasa,  not  axeaadlnc  ana,  anlj  for  a  quadratic  funetion, 

Conaidarad  nethods  of  lowarlng  ataapnaaa  of  currant  eharaetariatiea  rantln  In 
forea  alao  during  reproduction  of  nomontonic  f^ctlona*  Of  apaclflc  ia  reproduc¬ 
tion  of  a  ^'-igonomatric  function  of  tha  form 


100  sin 


too 


Charaet eristic  for  ataapnaaa  of  this  function  will  hara  tha  fom 

5,  as  c  cos  ^ 


(6.35) 


Staepneaa  will  ba  positiTa  In  tha  intaml  0  <  «,.  <  50  t  and  nagatiwa  alian 

50  ▼  </..  <100  T  > 

According  to  (6.2?)  wa  obtain 

t  S,  (6.36) 


Aa  exprasaion  (6.36)  shows,  raproduction  of  thia  fmetion  can  ba  oarriad  cut 
both  bj  ocnnactlng  a  ncalinaar  eenrartar  to  input,  and  alao  in  tha  faadback  circuit. 
Ik  the  first  caaa 

5/.«  I  (6.37) 

5/.-1  I 

Mara  the  iilnnn  girm  ataapnaaa  of  tna  dioda  aircuit  at  lB|Mt  will  aanatitata 


In  th«  ■•eond  C4s«  ehftntct«riftie  for  stMpnats  S 


5,.  = 


)’ 


is  dsconpoMd  dspmding  upon  the  value  o.f  the  voltage  of  the  argunent  on  the  three 
sectlcns  (offered  bj  A,  A.  Naalov). 
nAien 


•0</,.  <  47. i  . 

5/. 

-=  -  O  H 

0  <  <  90.6  V 

s, 

“7/ 

47.1  <#„  <j2.9v 

Sf 

^0. 

99.6  <  lUO  V 

s, 

-  ■$/,  aut 

5J.9  .  r.,  V  lOo  V 

s, 

-^O.H. 

0<  <  99.6  V 

S,. 

~  r 

0.0 


0.0 


'/'-(rr 
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Introduction  of  average  interval  is  caused  bj  the  fact  that  steepness  of  initial 
nonlinear  characteristic  when  ^  $0  v  turns  into  sero.  It  is  expedient  that  5^ 
turns  into  sero  not  due  to  Sr^  seeking  infinity,  but  due  to  passage  to  ^  0. 


Fig,  91,  Graph  of  current  chaiacteristies  of 
fanetioual  generator  for  reproduction  of  fane 
tien 
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Pig*  92.  fUMUMat4tI  clrevit  of  doohio  foae- 
tional  gVBorotor  for  roprodaetioo  of  functlcM 

(1 and  -  :«>  CO.  ^ 

KSI:  (o)  drcttlt. 

OarmA  ehormotorlitioi,  found  bj  Int^pimilan  of  abov*  MBiionod  «xpr«Miaat 
for  Sj  and  Sj  ,  will  ba: 

Si  •  (4.3i) 


-  o.oos#„ 

/,  -  -  0.377r„ 

-  0.377  -r  0.008 


»<h*n  0  <  '.I  < 

idian  •  <  '»»  ' 

52-9)  whan  ■'***» ' 


: 

-  j,>  9  (6.39) 

;  lou 


Dm  graph  of  thaa#  oharactarlatiea  la  ahoan  la  fig.  91. 

Td  obtain  fvastioB  tooc.  s  <>„  it  la  poaaibla  ta  uaa  tba  mm  ewrant 

obaraatarlntie  l2»  Ourant  charaetariatio  of  Input  airanit  aiioalil  ba  to  tba  laft 
50  Tba  fund  want  iJ  alrralt  fa  fwetlwal  cawraKar,  Intaadad  far  rapradnotlon 
af  tbaaa  fwntiena«  la  praawtad  In  fig.  92  (f.  A.  Tnpaanikaa,  1.  la.  KbiMi»  V.  V. 
Onrar,  A.  A.  Nnaloa  [1]).  Kara  aireuli  I  (built  on  dlada  alcwMta  uitb  putitlallj 
grawdad  dlodaa,  uortlnf  an  auttablng  on)  rapfad— aurr—i  ebaraaiariatio  l2f  and 


cirottitt  II  «ad  III  reprodne*  Cttirant  ebarftct^rlatict  I^^,  eorretpondlnglj  for 
reprodoetlon  of  function 

•«..  *=  100 
•m.1^  I00co« 

In  circuits  I  and  II  ar«  applied  douhla  diode  elsawnts,  uhere  in  ciremt  II  for 
construction  of  double  diode  eleannta  are  used  diodes  uhich  eoasutate  sifn.  Diode 
is  eowror  for  circuits  IT  and  III, 

4.  Diode  ywctiflpal  Generators  of 
rwQ  or  Wore  Aegunants 

The  necesaitj  of  reproduction  of  functions  of  two  or  nore  argvnMnts  is  usuallj 
net  during  solution  of  Yarloua  ballistic  problesM,  investigations  of  sTstens  of 
control  of  flying  objects,  for  uhich  coefficients  of  noamts,  lift  and  lateral 
aerodjmanlc  forces  are  functions  sinultaneoualy  of  an^ar  displaesMnts  and  Mach 
msabera,  in  coaplicated  intercooaeeted  syetena  of  autoaatie  control  of  induatrial 
processes,  in  ayetens  of  aotonatie  adjustnsnt  and  contrcl,  dealgned  for  aaintaining 
an  optiaai  regljas« 

PuBctions  of  two  variaoles  can  be  dirertly  reproduced  by  three-dlnsnaional 
cana  (M.  Kobrinakiy  [1])  or  their  electric  anal«^g9  (H.  F.  Meissin/^er  lij).  How¬ 
ever,  applieation  of  these  devicea  usually  requires  realisation  of  eeci^aical  dis- 
placenanta  uhich  causes  sharp  reduction  of  the  paeebund.  Their  aanufacture  ie 
extraordinarily  labor-coas«adLng  and  is  cooseeted  with  greot  expense. 

Functions  of  three  and  nore  varliUslee  generally  oaonoi  oe  reprodeced  in  such 
a  naaner.  Therefore,  ue  oeually  resort  even  in  the  case  of  a  function  of  tuo  variables 
to  vanone  netboda  of  approodnation  with  the  help  of  conhinaticna  of  funetions  of 
only  oate  variable. 

For  functions,  given  in  table  fom,  it  is  possible  to  use  deconposition 
(E,  W.  Pike  and  r.  H.  Silverberg  [IJ)  of  the  fom 

/u,.  y, ^  4- ♦  .  (6.40) 
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H«r«  it  is  M 


thst  ths 


■SMI  smltts  of  ftBeilon  t{x^,  Jj)  sqmlLs  toro*  If  ths 
■ssn  smltts  o  ths  fuaetlon  doss  not  squsl  ssro,  thso  it  cmi  sIimjb  bs  hroscht  to  sseh 
a  fora,  subtracting  Irxm  wmj  tabular  Talus  of  ths  fuaetlon  Its  nsM.  tsIus 

SI  s 

^0=^  ~  ^  ^  ^  >'/)  of  argumats  x^,  it  is  asstsssd  that  ths7  eonnsotsd 

t  / 

onlj  by  operations  of  addition  and  subtraction.  With  thsss  assunptions  ssriss  (6.40) 
turns  out  to  bs  conrsrfsnt. 

Tbs  dssirsd  fuaetions  of  ths  expansion  are  dstsraiiisd  fren  ths  condition  that 
ths  SMI  of  squares  of  srrcrs  of  approxinatioo  is  niniBas.  When  a{^>roadnatlan  is 
eonduetsd  only  bj  ths  sun  of  fu.ietloBs 

/(X.  yy)  =  f  K)4 


solution  of  this  Tarlational  problea  leads  to  the  following  expressions  for  g(x^) 
•04  HOj):  .  , 


4 

m 


(6.U) 


tdMTS  a  is  ths  nonbsr  of  taluss  of  y  in  tbs  table,  a  is  ths  nunbsr  of  Tallies  of  x 
in  ths  table. 

Li  ease  of  use  of  aore  ooaplete  dscoMpesition 

/(•*(.  *(>y r'U,)A'(y,)4  (6.42) 


Taluss  of  functions  g'(x^)  aad  ii'(y  )  are  deteralasd  by  solutioa  by  suecssslTs 
approxiaations  of  Um  systsa  of  equations 


V*  <v 

-  .  M'(y^} 


2! 


(6.43) 


^(Jr,.  y,)^  /(JC,.  y,)  -  Igix,)  i 


Systsa  of  sqaatloas  (6.43)  is  s  result  of  aialaiaiag  tbs 


of  ths 


cS  error!  during  approadaetion  for  jj)  »#ith  the  help  of 

gUxt)h'(yj). 

Designating  error  of  this  approxiasixon  by 

>y-  H' (x,)h\y^). 

it  ia  possible  to  appraxiaate  it  in  turn  by  product  g"(xi)  h''(7j),  and  find  function 
g"(xj^)  and  h"(yj^)  by  ndniffliaation  of  the  sum  of  the  squares  of  resulting  errors. 

Appraisal  of  aeturacy  of  approximation  can  be  made  by  the  ralue  of  the  mean 
quadratic  deflection,  which  is  detemLied  as  the  square  root  of  the  ratio  of  dis** 
{isrsion  of  the  last  remainder  to  dispersion  of  the  original  function 

■'vv^.,.v  ' 

^  •  i 

Thus,  for  the  giren  7j)  we  find  functions  g(xj),  h(yj),  g*(x^),  h'(y^), 

etc,,  for  fixed  values  of  x^,  y^.  During  reproduction  of  the  found  functions  by 
diode  conrerters  it  is  natural  to  use  linear  interpolaticn  betwean  tabular  values  of 
the  found  function^. 

This  nethcd  is  useful  for  representation  of  functions  of  many  variables,  which 
here  are  reduced  to  functions  of  one  and  two  variables  (see  for  more  detail  £•  W. 
Pike  and  T.  R,  Silverberg  [1]). 

Functional  diagram  of  a  functional  generator  for  a  function  of  two  variables, 
using  the  decosipositlon  (6.40),  is  shown  in  fig.  93.  As  follows  frost  the  figure, 
with  such  appx*oixinr.tion  there  are  required  six  functional  geneiators,  two  factor 
devices  and  one  adder. 

To  a  somewhat  different  compositian  of  the  required  equipoient  leads  considera~ 
^ion  of  given  function  f(x.,  y)  by  sections  for  givsn  fixed  values  of  y^^.  every 
section  hers  we  get  a  function  of  one  variable  f^(x,  y^). 

Transition  from  fj(x,  yj)  to  the  curve  of  the  following  section  can  be  canrled 


•ut  bgr  appUoAtioa  of  ono  or  aaotbor  intopolAtiiif  fmetlon.  Umaallj  h«r«  th«r«  • 
UBod  llnoar  iirterpolation.  Aa  of  each  olaetroBBebMiieal  divvloOf,  aodo  Ith 
foROtioBal  potfmtiaietftrB,  is  shown  in  Fig.  94. 


Fig,  93.  Functioial  disgrsja  of  func 
tlon&l  d«v;,.ce  for  reproduction  cf 
functions  of  two  variobles. 


During  applicatim  of  diode  generators  for  reproduction  of  each  function 
fj(xt  /j)  it  is  necessary  to  resort  to  their  piecewlse-linear  approxiaation.  Here 
transition  froa  (»e  function  to  another  is  best  earriei  out  by  "triangular  funs*, 
tions."* 

Skeleton  diagram  of  such  a  converter  is  shown  in  Fig.  95* 


Fig.  94.  Skeleton  iiagraw  of  elect roowchaa- 
leal  device  with  functional  potentiometers 
for  reproduction  of  a  function  of  two  vari* 

bles. 


*k,  A.  Fel'daun  and  A.  I.  Nuiukhin,  Electronic  apparatus  for  obtaining  functionr 
of  two  variables,  Auth.  cert.  No.  100891,  priority  from  October  16,  1951. 


fig*  95*  Skeleton  diagrast  of  fuTictlonai 
generator  for  reproduction  of  functions  of 
two  v^ariblee. 

Variable  x  moves  to  the  input  of  diode  functional  generators  designed  for  re* 
production  of  functions  7i)*  Voltage,  representing  in  tho  device  the  value  of 

these  functions,  is  passed  according!/  through  dividers  so  that  at  the  out¬ 
put  of  each  divider  we  obtain  the  px*oduct  of  ’/O’*//  y/.  where  i 

These  products  then  are  summed  so  that  the  output  quantity  will  be  equal  to 

(6.45) 


Functions  3^(y)  have  triangular  form.  Thei.'  form  is  shown  in  Fig.  96. 
When  y  -  y,  a,(y)  -  I,  and  i,(y)-  0.  therefore,  s  =*  fi(x,  when 

y  and  j;(y)  I 


Li  the  interval  between  7^  and  72 

X  —  2^^yi/^^x.  >•,)  f 

If  one  were  to  fix  a  certain  value  x  »  xj^,  then  during  c^iange  of  7  inside  the 
considered  interval,  s  will  change  linearly  between  values  *  ^l(^l>  7l) 

*2  *  ^2^*1»  ^2^* 
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»,(y>  *,%' 

"A7'- ^ 

'  V  V  /  V  V 

/  A  ''  '  '  ^ 

/  \  /  \  /  \  /  \  >  \  f ' 


V  V  _\  ^ 


♦» 


Fi^.  96.  Graph  of  function  aJ^,K 

Thus  I  application  of  •triangular"  functions  also  laads  to  linaar  interpolation. 
Hers  as  can  bs  noted  froM  comparison  of  Figs.  95  and  96,  in  reproduction  of  giren 
function  sirndtaneousiy  participate  only  two  adjacent  functional  generators  of 
^j(x,  jj)  which  signit  •t.wwntly  reduces  total  error  as  compared  with  the  abore- 
considered  method  of  representation  of  a  function  of  two  saz*iables,  with  which 
there  must  simultaneously  work  six  functional  generators  and  two  factor  devices. 

The  fundamental  circuit  of  B^ch  a  functional  generator,  developed  by  A.  A.  Pel'dfaaum 
and  A.  I.  Nanukhin  fl],  is  shown  in  Fig.  93.  Here  multiplication  of  f  ,(x,  y  )  and 
>/<>')  is  carried  out  by  a  device  baaed  on  the  time-pulse  principle.  Quantity  y 
will  be  converted  in  the  relative  duration  of  pulses,  controlled  by  oocnection  of 
outputs  of  separate  functional  generators  </>//,  . . .  0/7,  *)  bj  diodes  .7,  7, 

to  the  integrating  point  of  output  operational  amplifier  1.  Control  occurs  in 
such  a  way  that  with  increase  of  y  within  limits  adjacent  sections  iy^  and 
the  relative  duration  of  switching  on  of  0/7,  at  first  grows  from  sero  to  one, 
and  then  toward  the  end  of  section  again  falls  to  sero.  Here  the  mean  value 

of  voltage  at  the  output  of  Integrating  amplifier  1  from  this  functional  converter 
will  chanj^e  according  to  the  law  of  the  triangle.  Control  of  diodes  '7. . i7. 


afunctional  generators  0/7,  ,0/7, 

(see  page  142),  whose  currents  are 


consist  of  separate  diode  el 
by  amplifier  1. 


is  produced  in  the  circuit  of  Pig.  97  hj  triggers  Voltage,  repre¬ 

senting  variable  y,  is  fed  to  auxiliary  aaplifier  2  through  resistance  Kq2* 

sistances  of  feedback  for  this  amplifier  are  resistances  R^,..*,  R^^,  coupled 

•  >  0 

to  plates  of  triggers,  having  potentials  U]^,  U2,...,  U^.  fJutput  voltage  of 
amplifier  2  through  voltage  dividers  R^^  —  R^^^,  R^^^  ~  “  RY2n 

iPCV-3  to  grids  of  the  triggers.  Here  also  move  reference  voltages  (Uq2» 

Uon)  from  divisor  H  H  and  voltage  (I„  of  sawtooth  form  with  frequency  of  the  order 
of  1000  cps. 

In  the  absence  of  an  input  signal  the  reference  voltage  displaces  voltage 
so  such  that  not  one  trigger  works.  Lfi  this  position  on  sobm  output  of  triggers 
there  will  be  large  positive  potentials  U^,  U2,...,  and  on  others  negative 

I  I  I 

potentials  U  1»  ^2,...,  U^.  Resistances  Rj^,  R2,  R'3  and  R'^^  of  the  circuit  of  auxi¬ 
liary  cooMitating  diodes  jl\  are  selected  with  such  orngnitude  that  here  both  diodes 
are  locked  and  at  points  N^,  of  the  circuit  there  is  fed  a  positive  po¬ 
tential.  As  a  resxilt  all  diodes  >7|.  ^7.. . turn  out  to  be  locked,  and  on  the 

output  of  the  integrating  amplifier  voltage  is  sero.  With  increase  of  input  voltage 
resultant  voltage  reaches  the  threshold  of  operation  of  the  trigger.  This  occurs 
at  the  end  of  the  period  of  change  of  voltage  Uj,  first  on  the  grid  of  trigger  T^, 
whereupon  the  trigger  is  switched  on  lOr  very  short  interval  of  time  '  (Pig.  98). 
With  switching  on  of  the  trigger  potential  becomes  negative  and  both  diodes 
are  unlocked,  fixing  here,  the  potential  of  the  ground  at  point  Diode  is 
unlocked  and  voltage,  representing  function  fi(x,  y^),  passes  to  aa^difler  1.  With 
durther  increase  of  y  the  time  of  the  switched-on  state  of  trigger  Tj.  increases  and 
when  y  "  y^  it  equals  period  T  of  the  change  of  oaw*-ooth  voltage  .  Further  in¬ 
crease  of  the  input  signal  leads  to  operation  of  trigger  T2  at  first  for  a  very 
short  interval  of  time.  With  switching  on  of  the  second  trigger  diodes  are 

locked  and  diode  JZ,  is  locked.  Thus,  with  Increase  of  input  signal  above  y^, 
relative  duration  of  switched-on  state  of  diode  starts  to  decrease.  The 
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rwilning  parallel  circuits  work  sinilarlj 


Pig.  97.  Fundumntal  circuit  uf  functional 
generator. 


t<K\,  ’  *  ‘ 

-  ^  '■'•4 
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\  • 
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Pig.  96.  Explanation  of  work  of  circuit  of  conwaraion 
of  output  signal  into  ralatlT*  pulaa  length. 

With  the  help  of  feedback  throui^  rajlstaDcaa  Rx,  R2»***>  ^  MPtahliah 

propartionallty  between  input  signal  and  rariabla  naan  value  of  voXtaga  at  output 


of  triggers,  and  conaaquentlx,  the  reUtiT*  duration  of  awltching  on  independently 
of  variation  of  paraaetera  of  the  circuit  and  linearity  of  change  of  Toltage 
Capacitora  and  C2  are  comactad  to  decreaae  the  variable  coaiponent  in  output 

voltage. 

A  deficiency  of  the  conaidered  circuit,  besides  large  voluae  of  required 
equipment,  is  also  the  coaparatively  email  passband,  Mhich  is  limited,  as  for  most 
systems  based  on  the  tiaa-pulse  principle,  to  a  frequency  of  10  —  15  cps. 

Of  great  interest  in  this  connection  is  atudy  of  the  possibility  of  use  of 
the  prerioualy  considered  diode  generators  of  one  variable  for  reproduction  also 
of  functions  of  two  vai*iables. 

If  in  these  generators  we  make  the  reference  voltage  variable  also,  then  there 
can  be  obtained  a  family  of  nonlinear  dependences  with  parameter  If  we  use 

a  functional  generator  with  potentially  grounded  diodes,  then  during  linear  change 
of  reference  Toltage  in  function  represents  the  second  Tarlable)  there 

results  a  family  of  equidistant  nonlinear  curvee.  This  follows  the  fact  that  for 
diode  elMsnte  with  potentially  grounded  diodee  change  of  reference  Toltage  doee 
not  lead  to  change  of  eteepneso  of  the  current  oharact eristic,  but  only  to  its  paral¬ 
lel  dieplaoement.  If  one  were  to  change  according  to  a  certain  nonlinear  de¬ 
pendence  then  it  is  pceelble  to  reproduce  a  more  complicated  func¬ 

tion  of  two  varlablee.  In  fig.  99  is  brought  the  family  of  curves  end  circuit  of 
a  diode  functional  generator  for  their  reproduction.* 

Ae  it  was  ahowi  in  the  work  of  Neieelnger,  in  general  during  reproduction  of 
an  arbitrary  function  of  two  varlablea  it  is  neeeeaary  to  change  reference  voltage 
of  every  diode  elemmtt  by  its  own  law  depending  upon  Therefore,  for  exasple, 

with  10  diode  elements  there  will  be  required  ten  auxiliary  functional  genermtom. 


sThe  figure  is  borrowed  from  the  work  of  H.  f.  Neieelnger  (2].  It  ie  noceeeary 
to  note  that  this  circuit  poaeessee  the  defleiency  that  toward  the  end  of  the  scale 
of  the  arguMOt  all  diode  el«MBte  tom  out  to  be  ewltched-on  in  the  circuit. 


HcwTtr  thorough  analTila  of  charaetor  of  flow  of  functioao  fiTon  for  roprodoetion 
hj  toparato  soctloas  allom  ua  to  roduee  the  niaabar  of  raqoirad  funoticaial  ganara- 
tora  by  faadlng  froa  ooa  functional  ganarator  of  thoaa  dioda  alananta, 

which  particlpata  in  fomation  of  aactiona  of  tha  eurra,  hating  idantieal  ataapnaaa* 
It  ia  aoat  cooTaniant  in  atudying  tha  initial  dapandanoac  to  uaa  tha  nethod  of 
iaoclinaa  racaiting  wida  uaa  in  tha  qualitatira  theory  of  diffarantial  aqoationa. 

Datamination  of  funetiona  of  rafaranca  voltage  c, * . required 

for  reproduction  of  a  given  function  of  two  variahlaa,  can  be  carried  out  in  tha 
foUowing  mnnar:  tha  function  givrni  for  reproduction  '/>•:*  will 

be  placed  on  coordinataa  ^aMt'  ^ai  I  03r  ^a>  2  for  varioua  fixed  valuaa  of 

in  the  firat  caaa  and  of  i>/  in  the  second. 

By  one  of  the  curvaa  of  thia  faadlj  are  dataxwLnad  currant  charactariatica  of 
input  circuit  of  tha  operational  aaqalifiar  and  feedback  eircuita,  ahich  are  aubjactad 
to  piacawiaa-linaar  approxinationf  and  than  thara  ia  datandnad  tha  nantoar  of  dioda 
aliante,  their  type  and  operating  ragina  and  awitching  voltaga. 

In  caaa  of  application  of  dioda  alananta  with  potaotially  groundad  diodaa  for 
tha  i-th  dioda  alanant  on  the  baaia  of  (5.19)  thia  aquality  ia  ertrraet: 


(6.46) 


idMra  i  ia  the  aonber  of  the  dioda  alsMnt,  J  tha  maibar  of  iatanral  of  dacon- 
poaition  for  variable 

Since  fron  approxiantion  of  tha  givan  cunra  ua  know  r;,,  far  every  fixed  value 
of  than,  eonaaquantly,  ua  know  tha  ralatienahlp 

(6.47) 


Subatituting  (6.47)  In  (6.46),  ua  find 


fig,  100.  Crftpide  Mtbod  of  dotomtiMtion 
of  fonetiow  r 

&i  fl<«  100  lo  brooi^  o  wilMd  of  doiondaotioi  of  Ut—  fWMtioM  (H.  f  • 
N*lo«lBt*r  [2]),  boood  oo  grvphXc  eoutmetloo  of  roIoticMid.p  (6«46). 

OiaioBeo  CO  la  o  oortala  ooalo  roprgaito  •  «dt  of  rolativo  rooloiOBM.  Cki 
Uda  atroldht  Uae  w  aork  polat  1^  la  aaefc  o  hit  that  dlatoaeo  Cl^  lo  agmal  to 
Moolag  otroi^it  Ubm,  eoaaoetlag  poloto  1^  oad  (for  am  mad  Um 

•oao  diodo  oloMot,  lait  fot*  vmrlooi  rolooo  of  to  latorooetloa  oitli  o  otrolgid 

liao,  poroUol  to  oxio  «Mi  oia^  pooolai  tram  It  o  dlftanoo  (3),  «•  wlXl  rooolro 
tlw  dooirod  volooo  lido  dlroetlj  woo  froa  tloo  slailorlty  of  %m  irl- 

oatloo  tlMO  ohtolaort,  Ilica  ooaotraetloa  for  oaliolitag  roltofoo  of  tk«  ooooad 

diodo  oloaoatt  «o  flad  for  It  tko  faaotloa  of  tbo  roforoaoo  roliofo. 

la  aHQT  eoooo  aitJi  prop  or  oolooiloa  of  oaitohlat  roIUfOO  of 
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s«pArat«  dlod«  «i6aania  will  be  to  connected  ttRseii;  thtateirtt  that  functions 
^11  tppeau*  to  colnclae.  Sxecutinc  srtphic  constructicn  in  rererse  omer,  there 
Qtiii  fciiwl  bj  the  giren  cif  for  one  diode  eleswnt  the  twitching  voltages  for 
tne  rsMLining. 

The  preeentea  K'u.od  of  reproductions  of  functions  of  two  vsrlsblss  can  be 

extend^jd  slso  to  functions  of  eore  rarlsbies.  If  as  tne  function  of  the  reference 

voltage  we  use  in  turn  s  function  of  two  variables. 

* 

Naterial  brought  in  this  paragraph  sltow  that  the  probltsi  of  reprod  jcticn  of  a 
function  of  two  or  nore  variablee  presents  great  difficulties.  Presently  laiown 
solutions  lead  to  significant  coMplleations  of  equipaent  and  lowering  of  accuracy 
connected  with  this,  and  also  require  a  large  voluue  of  preliminary  calculation. 

For  these  reasons  it  Is  possible  to  consider  that  develcpaant  of  fuiMtional 
dsvicss  for  reprodxictlon  of  a  fuaetlon  of  two  or  nore  ntirlabiss  still  is  far  fros 
coaplstion. 


•In  recent  years  recalTiag  apialloation  are  nstbods  of  «yBtbeals  of  functional 
generators  of  anaj  variable  fron  diode  logioal  elsarsts,  offered  independently  by 
T.  7.  Stars  sad  C.  A.  PKUbriek  sad  farther  developed  by  S,  A.  Glasburg  (ess,  for 
axMipls,  T.  d.  Stem  Piecewise— Jiasar  aetworlc  asalyaia  sad  synthesis,  proessdings 
of  the  synposiun  on  nonlinear  circuit  snalym:^s,  .lew  Tork— London  (1957)}  S.  A. 
Ginsburg,  Logioal  nstbod  of  ^psthsais  of  fknetisnal  generators,  Trans,  of  First 
Congress  IPAK,  ?el.  IV,  Mitlishlim  Noass  of  Aondsi^  of  Seisness  of  USSR  (1961). 


CHAPTER  VII 


FUNCTIONAL  GSWrRATORS  USING 
CATOODK-RAT  TUBES 

With  necessity  of  rspld  transition  fron  one  fora  of  reproduced  nonlinaar 
dependence  to  another,  and  also  in  case  of  reproduction  of  functions  with  many 
extrema  and  functions,  possessing  great  steepness,  as  is  known  from  literature,* 
general- pirpose  functional  generators,  based  on  the  use  of  the  cathode-ray  tube, 
can  be  applied. 

Well-known  types  of  such  functiuial  gmerators  can  be  divided  into  two  groups: 

1.  Devices  of  closed  type  with  negative  feedback,  using  principle  of  servo 
systee. 

2.  Pulse  devices  of  open  type. 

1.  Devices  of  Closed  Type,  Based  or  Principle  of 
Static  Servo  System. 

In  Fig.  101  is  brought  functional  diagram  of  a  functional  gmerator  based  on 
a  cathode-ray  tube,  built  by  principle  of  static  servo  system.  In  front  of  screen 
of  eleetroo-beaa  tube  1  with  electrostatic  control  is  placed  opaque  plate  (aask), 
w.ioee  profile  is  executed  in  accordance  with  the  noro-inaar  dapendanca  girm  for 
reproduction.  A  certain  dietanee  free  the  maak  ia  placed  photo  multiplier  2. 
Electronic  beam  of  tube  ie  deflected  frcm  axle  y  to  an  upper  boundary  daterminad 
by  the  horiiontal  side  of  the  inscribed  equare,  by  voltage  Uq. 

«0.  Nynall  fl],  0.  N.  Nackay  (1],  D,  E.  Sunstalnll],  G.  C.  NcCann,  C.  H.  Wilts, 
B.  H.  Locanthi  [1],  H.  W.  Shulta  fl3,  K.  J.  Hancock  (Ij. 
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Uuring  switching  on  of  the  photomultiplier  the  luminous  flux,  formed  by  the 

luminescent  point  on  the  screen,  will  cause  appearance  of  photocurrent.  Voltage 
drop  from  photocurrent  in  output  resistor  of  photomultiplier  after  amplification  by 

electronic  amplifier  3  is  fed  to  vertical  plates  Y-Y  of  the  tube  with  such  f^olarity 

thax.  beans  begins  to  lower  toward  the  mask.  After  arriving  at  the  boundaries  of  the 


tr 


Fig.  101.  Principal  functional  diagram  of  cathode 
ray  functional  generator  with  photomultiplier,  1-- 
electron-beam  tube,  2 — photomultiplier,  3 — amplifier, 
4 — transitiem  units,  5 — mask. 


Fig.  102.  Furviamental  circuit  of  functional  generator, 

1 — mask;  2 — photomultiplier,  3 — optics. 

mask  further  lowering  of  the  beam  causes  decrease  of  the  area  of  the  luminescent 
point  on  screen,  aid  together  with  this  decrease  of  voltage  ,  fed  on  the 
vertical  plates.  This  decrease  will  occur  until  the  difference  between  the  initial 
value  of  voltage  Uq  and  voltage  drop  fi'om  the  photocurrent  with  the  given 
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atfiplification  factor  of  aapliflsr  proyidea  on  tlis  vertical  pletea  the  volta^^e, 
necessary  for  setting  the  beam  on  the  edge  of  the  mask.  Obviously,  this  voltage 
will  also  depict  the  value  of  the  function  for  the  considered  value  of  the 
argument.  If  one  were  to  start  to  change  voltage  on  horisontal  plates  X — X, 
t.ien  accordingly  the  beam  will  be  transferred  along  the  edge  of  the  mask,  and 
voltage  on  plates  T — Y  will  change  by  the  given  nonlinear  ciirve.  FundaiMctal 
circuit  of  such  functional  generator  as  made  by  Institute  of  Autoeution  and 
Telemechanics  of  Academy  of  Sciences  of  USSR  is  presented  in  Fig.  102.  Hei*e  the 
transition  unit  controlling  horizontal  deflection  of  the  beam  is  msde  from  two 
tubss  and  ,  and  the  transition  unit  block  controlling  vertical  deflection 

is  made  frow  double  triode  .  Amplifier  1  serves  as  the  amplifier  of  main 
channel,  and  amplifier  2 — for  setting  the  scale  of  the  function.  The  scale  of  the 
argument  can  be  set  by  potentiometer  0*2  .  Potentiometer  II-5  serves  to  compen¬ 
sate  the  constant  component,  appearing  during  shift  of  the  curve  given  for  repro- 
ductloci  with  respect  to  axes  of  the  tube  for  the  purpoae  of  f  ytMi™  use  of  the 
area  of  the  screen. 


2.  Error  of  the  Functional  Generator. 

We  will  derive  the  basic  relationship  for  estimating  snror  of  the  given  circuit. 
For  this  purpose  it  is  convenient  to  present  the  functional  diagram  of  Fig.  101 
in  the  fora  of  a  block-diagrua  (Fig.  ICJa).  Here  are  designated: 

nsr  —  bridging  amplifier  of  horizontal  deflection, 

*,4f  —  amplification  factor  of  bridging  amplifier, 
m  -  ■  system  of  deflection  of  beam  in  horisontal, 

X,.  —  sensitivity  of  system  of  beam  deflsct^on  in  the  norisontal, 

Hask  —  nmllnear  dependence,  given  by  profile  of  mask, 

BII  —  system  of  beam  deflection  in  vertical, 

—  sensitivity  of  system  of  beam  deflection  in  vertical, 

—  voltages  on  horizontal  and  vertical  plates, 
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IIBB  —  bridging  amplifier  of  vertical  deflection, 

—  characteristic  of  screen, 

'•  <y.*i  y) —  error  in  setting  of  beam  in  vertical, 

S  —  area  vAndarkened  part  of  fluorescent  spot, 

F  —  Iwainous  flux, 

E  —  transmission  factor  of  luminophor, 

7,  —  time  constant  of  luminophor, 

/*  —  current  of  photanultiplier, 

—  dark  current, 

—  integral  sensitivity  of  photomultiplier, 

Rm  —  load  resistor  of  photomultiplier, 

—  voltage  on  load  resistor, 

—  voltage  of  initial  displacement  of  beam, 

—  voltage  of  zero  drift  of  amplifier,  brought  to  the  input, 
«  —  angle  of  inclination  of  profile  of  mask  isdth  horizontal. 


Fig.  103,  Block-diagram  for  derivation  of  fundamentAil 
equation  of  functional  generator. 

KEY:  (a)  Amplifier. 

Equations  of  separate  units  of  block-diagram.  Fig.  103,  will  be: 

1.  Equation  of  input  circuit 

^  ~  I  (7,1) 

y«i  =  /(jr)  r 
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2.  Equations  of  main  channel  of  aapllficatlcan  of  error  in  turn  breaks  up  into: 

a)  Equation,  deteminin^  dependence  of  unshaded  part  of  spot  on  error  i  = 


Form  of  function  depends  on  given  idealisation  of  the  shape  of  the  spot 

and  character  of  curvature  of  mask  in  the  region  of  the  spot.  With  a  well  focused 
spot  it  is  possible  with  accuracy  sufficient  for  practice  to  consider  that  the 
spot  has  the  shape  of  a  circle,  and  the  mask  in  the  region  of  the  spot  can  be 
replaced  by  a  sloping  straight  line  AE  (Fig.  103b). 

With  ^hese  assumptions 


5  =  /’  [  J  /  I  -  (si; )’  ]  • 


Assuming  moveaients  of  the  light  spot  about  the  mask  to  be  small,  after  expansl(»n 
of  quantity  arccos  (  .  —  )  in  a  series  and  disregarding  all  terns  y" 

•<"11  •»JI 

a  degree  higher  than  the  first,  we  will  receive* 


b)  Equation  of  luminous  flux 


5. 

c)  Equation  of  photcfoultiplier 

/--/t  +  /,. 

d)  Equation  of  amplifier 

Solving  the  given  equations  for  ,  we  receive  fijtmlly  aquations  of  the 

main  channel  of  amplification  in  the  form 


s  l^» MO 4  l,R, f„|. 


V/  F  --  Fit) 


L~  \ 
r 


♦Derivation  of  this  dependence  belongs  to  A.  0.  Talantsev. 


(7.2) 
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3.  Equation  of  feedback  circuit 

y  —  ■  ^■Mi*  (7*3) 

Considering  th^.t  equations  (7.1),  (7.2)  and  (7.3) 


when  f .  -►  0 


<<«» 

^  i»m  ^u  >9 


I  _ _ 

o. •  I /v  A  3  (7 )£(/)>/,„ 


7* 


I 


ft't-  (/)£(/)  4-  ‘ 

V  _ _ _ ^  _  _ 

^  >'  I  *nu*  CO!.  J 


(7.4) 


In  a  steady-state  regine  in  ideal  conditions,  when  voltage  R^ntiE .  /,  -0, 

t  ''itn  very  large  Ky  and  f(x)  =  f(x,  ),  from  expression 

(7.4)  we  obtain 


^•Mt.  ■ 


/(O 


(7.5) 


It  follows  fron  this  that  error  of  work  of  auch  functional  generator  will  be 
caused  by  inaccuracy  of  making  the  mask  i/=^ the  finite  value  of 
the  amplification  factor  of  the  main  channel,  time  constant  of  luminophor,  presence 
of  dark  current  of  photomultiplier.  Inaccuracy  of  setting  of  required  quantity  Uq, 
by  drift  of  the  amplifier  and  instability  of  sensitivity  of  the  deflecting  system. 

For  the  purpose  of  decreasing  error  one  should  take  special  measures  for 
accurate  adjustment  and  manx^acture  of  the  mask.  As  viplifler  of  main  charmel 
it  is  desirable  to  use  amplifier  with  automatic  stabilisation  of  sero  level. 

With  very  large  amplification  factor  and  ideal  unufacture  of  mask  the  error, 

as  expression  (7.4)  shows,  will  have  the  form 

((/,  -  /?. .  (/)  e  </)  ^ 

—  r,,.,  .  =  il) '  (7.6) 


It  is  obvious  that  this  error  will  be  less,  the  greater  the  magnitude  of  the 
denominator.  This  indicates  a  way  of  selecting  parameters  of  photomultiplier, 
properties  of  mask  and  transmission  factors  of  transltiuri  units. 

Analysis  of  work  of  such  functional  generator  shows  that  changes  of  dark 
current  of  photomultiplier  and  brightness  of  fluorescent  point  of  screen  in  time  in 
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essence  determined  the  natural  zero  drift  of  functional  generator,  and  inasmuch 
they  act  almost  directly  on  tne  amplifier  input,  increase  of  the  amplification  factor 
of  the  latter  in  the  presence  of  negative  feedback  does  not  lead  to  decrease  of 
indicated  drift. 

In  connection  with  this  there  were  attempts  (by  C.  N.  Pederson,  A.  A.  Gerlach, 

R.  E.  Zermer  flj)  to  surmount  these  difficulties  by  increasing  dimensions  of 
screen  of  the  tube,  transition  to  another  type  of  screen  and  application  of 
several  photomultipliers.  In  Fig.  104  is  brought  a  skeleton  diagram  of  such  a 
functional  generator.  In  this  generator  the  luminescent  spot,  appearing  on  the 
screen  of  the  tube,  is  projected  with  the  help  of  optics  on  black  sheet  of  special 
paper,  on  which  by  white  paint  there  wjll  be  depicted  the  graph  of  the  function 
given  for  reproduction  .  Into  the  circuit  of  vertical  beam  deflection  there  is 
f«5d  brased  voltage,  which  is  sufficient  to  move  the  beam  to  the  upper  edge  of  the 
tube.  Light,  emitted  by  the  lusiinescent  spot  of  the  screen,  passing  through  the 
white  line  on  the  black  screen,  is  inflected  from  it  and  hits  the  group  of 
photomultipliers.  Here  at  the  output  of  the  amplifier  there  appears  voltage  of 
such  sign,  with  which  the  beam  seeks  to  drop  down.  As  a  result  the  beam  will  be 


Fig.  104.  Fundamental  circuit  of  functional  generator 
with  photomultipliers  and  cathode-ray  tube  with  magnetic 
control.  l--amplifiers  of  deflecting  systems,  2_-coil  of 
vertical  deflecticwii  3—coil  of  horisontal  deflection, 
4--cathode-ray  tube;  5— photomultipliere,  6 — optical 
system.  7--graph  of  given  function  (irfiite  on  black  back¬ 
ground),  8— light  absorber,  9 — amplifier  of  signal. 
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held  on  boundary  of  the  white  line  and  with  change  of  voltage  In  the  eysteai  of 
horlscmtal  deflection  will  track  the  boundary  of  the  white  line.  Thickness  of  the 
white  line,  bf  which  the  graph  of  the  function  given  for  reproduction  is  depicted, 
should  Increase  with  Increase  of  steepness  of  this  function.  With  an  angle  of 
inclination,  approaching  90*^,  for  retention  of  the  beam  on  the  white  line  its 
thickness  should  be  in  the  order  of  3  sn.  By  application  of  four  photontulti pliers 
fluctuations  of  total  dark  current  are  sharply  reduced. 

According  to  the  data  of  C.  N,  Pederson,  A.  A.  Gerlach,  R.  R.  Zenner  flj 
the  described  device  ensures  accuracy  of  0.5^,  a  passband  of  ICX)  c,  ease  and  speed 
of  set  up. 

Of  great  Interest  also  are  functional  generators  with  application  of  cathoae- 
ray  tubes,  which  do  not  require  conversion  of  the  bean  current  into  luminous  flux. 
From  literature  we  know  the  principle  of  construction  of  such  a  generator  (A.  C. 
Munster  [1]).  In  a  cathode>ray  tube,  equli^sed  with  the  usual  gun  with  electro¬ 
static  deflection  of  beam,  there  Is  placed  a  plate-target,  made  froa  material, 
possessing  a  significant  coefficient  of  secondary  emission  (for  example,  aluminum 
oxide). 


Fig.  105.  Fundamental  circuit  of  functional 
generator  with  Internal  receiver  of  beam. 

KET:  (a)  Collector. 

Part  of  the  target  Is  covered  with  carbon  Ink  In  such  a  way  that  the  curve, 
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bounding  the  carbon  dye,  depicts  the  function  given  for  reproduction.  In  the  tube 
is  placed  an  additional  elec ti^xte-col lector  (Fig.  105) t  gathering  secondary 
electrons,  flying  from  the  target  under  the  influence  of  electron  boebardnent  of 
the  beam.  Aluminun  and  carbon  have  at  selected  accelerating  voltages  different 
coefficients  of  secondary  cnission  (for  alusdnue  oxide  v  =  2,  and  for  carbon  dye 
<y<  1).  Therefore  the  direction  of  current  in  resistor  will  vai-y  depending 
upon  what  part  of  the  target  the  electron  bean  strikes.  If  alter  preliminary 
amplification  we  use  the  voltage  drop  at  Rj^  to  control  deflection  of  the  beam  by 
plates  Y— Y,  then  it  is  possible  with  feeding  of  the  input  signal  to  plates  X — Y 
to  force  the  electron  beam  to  follow  the  boundary  between  the  carbon  dye  and 
aluminum  oxide.  Here  voltage  after  the  amplifier  will  represent  tne  desired  value 
of  the  function. 

Such  a  functional  generator,  as  follows  from  this  description,  does  not 
require  conversion  of  current  of  the  beam  into  a  luad.nous  flux.  However  there  is 
required  accurate  adjustment  of  the  target  inside  the  tube,  which  presents  known 
difficulties,  and  there  also  appears  an  additional  source  of  error  due  to 
instability  of  coefficients  of  secondary  esdssion  along  the  boundary  of  the  division. 

By  principle  of  action  the  considered  functional  generator  caxuiot  be  general* 
purpose.  Replacement  of  functicms  signifies  replacement  of  the  electron-beam  tube. 

For  construction  of  a  functional  generator  based  on  a  cathode-ray  tube,  which 
would  not  require  conversion  of  beam  current  into  a  luadnous  flux,  and  then  into 
photceniltiplier  current,  it  is  possible  to  use  the  pher.omena  occurring  in  the 
cathode-ray  tube  with  accumulation  of  cnargea  (B.  Chance,  V.  Kuges  [ij).  In  these 
tubes  the  screen  should  possess  a  coefficient  of  aecondary  emission  cr  >  1  in 
range  of  operating  accelerating  voltages  and  very  high  jresistance.  These  require¬ 
ments  ar<;  met,  for  example,  by  Prex  glass,  from  which  envelopes  of  electron-beam 
tubes  are  usually  p.  *>pared.  For  use  of  thit  phenomenon  on  the  '^ter  surface  of  the 
tube  (Fig.  106)  is  put  a  signal  electrode,  and  inside  is  placed  an  additional 
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electrode  (collector),  under  a  poaitive  potential,  soaewhat  exceeding  the  potential 
of  the  second  plate.  As  collector  there  can  serve,  for  exaaple,  an  Aquadage 
electrode,  utilized  for  post  deflection  acceleration. 


ii'^ 


Fig.  106.  Principle  of  action  of  a  cathode-ray 
tube  with  acciaulation  of  charges.  1— capacitor; 

2— signal  electrode,  3 — glass;  4— electron  beaa. 

The  surface  of  the  screm,  under  the  influence  of  the  electron  bear,  will  be 
charged  posltirelj  until  its  potential  coaes  near  the  potential  of  the  collector. 
Certain  secondazr  electrons,  attracted  by  the  field  of  the  charged  positive  spot, 
will  settle  near  it  and  will  create  a  negatively  charged  region  (Fig.  106b). 

Changing  periodically  the  intensity  (brightness)  of  the  bear  by  the  influence  on 
potentiai.  of  a  rodulating  electrode,  it  is  possible  to  carry  out  periodic  change 
of  total  charge  at  a  given  place  of  the  screen  which  causes  appearance  of  capacitive 
currents  through  the  signal  electrode.  During  use  of  the  described  phenonenon  for 
construction  of  a  functional  generator  the  signal  electrode  is  susde  of  two  parts, 
divided  by  a  sl>t,  Mde  in  the  fom  of  the  function  given  for  reproduction  (6.  fa. 
Kogan  (2j).  Alternating  currmt,  renoved  fru£  part  of  the  signal  electrode, 

IS  aaplifisd  by  high-frsqu«ncy  aaplifier  and  is  rectified.  The  rectified  voltage  is  j 
added  in  anti-phase  to  the  input  of  the  operational  d-c  saplifier,  covered  by  | 

negative  feedback  throu^  the  electron-bean  tube  (Fig.  107).  liAien  the  bean  is  in 

I 

the  aiddls  of  the  slot,  current  of  each  half  of  the  conducting  layer  it  identical 
and  voltage  at  the  cMtput  is  equal  to  sero.  With  dleplacMsent  cf  bean  in  the 
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Fig.  107.  Functional  generator  based  on  cathods-r«j 
tube  without  photoaailtiplier.  a)  fundsaantal  circuit; 
1 — transition  units,  2- -high -frequency  oscillator;  3 — 
high-frequency  aaplifiers;  i,-- detectors;  5--d-c 
anplifier;  b)  general  view:  c)  characteristic. 


direction  of  one  or  the  other  plate  at  output  there  appears  voltage  of  one  or  the 
other  sign,  and  of  the  aagnatude,  necessary  for  holding  the  base  on  the  slot  Irrel. 
Obviously,  this  voltage  will  also  represent  the  value  of  the  desired  function. 

The  diagren  and  general  view  of  a  functional  generator,  built  on  such  a  principle 
by  the  Inatitute  of  Automation  and  Teleaiechanica  of  Acadsmy  of  SeiencM  of  USSR,  la 
shown  in  Fig.  let,  a  and  b)  and  its  charactarlatic  in  Fig.  lOSe.e 

•functional  generator  davelopad  by  colleagua  of  Institute,  V.  V.  Gurov. 
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B*8ic  dmtft  of  this  fiinctiorud  generator  are  such:  Input  and  output  voltage 
>100  V,  output  current — of  the  order  cf  10  na,  input  iapedance- -greater  than  200 
kiloha,  accuracy--of  the  order  of  i.^-25^  of  tctsl  scale,  passband--greater  than 
IOC  c. 


^ _ Funrvional.  Generators  with  Controlled 

Bea«  Scanning 

Principle  of  action  of  such  functional  generator  is  based  on  use  of  dynAodc 
cceipensatitm  (F.  E.  Tesnikcv  (Ij).  It  car  be  ccaprehended  by  the  functional 
diagram  in  Fig.  108. « 

Functional  generator  consists  of  cathode-ray  tube  1,  c^iaguc  sisaek  9,  jtsrating 
the  curve  given  for  reproduction,  photcaultiplier  2,  located  a  certain  distance 
from  screm  of  the  tube,  pulse  shaping  unit  3»  generator  U  for  scarj-iing  cf  the  beam 
of  cathode-ray  tuba  along  y-y  axis,  peak  detector  *'  and  integrating  amplifier 
6.  To  these  eleaents  are  added  (Fig.  106b)  a  source  of  constant  ccmpenaating 
voltage  7  (  3fi  )  and  key  8,  protecting  breiak-daivr;  of  ti  beuun  of  tube  irlth 
sharp  changea  of  voltaga  of  the  agrvssent. 

Before  b^inning  operation  of  functional  generator  output  c lamps  of  generator 
of  acanning  are  closed  and  when  a,^  «  0  the  elet  .roaic  Kaa»  of  tube  is  at  point  0. 

With  etarting  of  fxinctional  generator  cruiput  voltage  of  generator  of  scanning 
deflects  the  beam  to  ona  of  the  edgea  of  the  nask.  With  departure  of  the  t^am 
beyond  the  edge  of  the  maak,  thanka  to  illusdnatior.  of  tha  j^otQBRdtiplitr  there 
occura  a  aharp  change  of  voltage  on  its  load  reeiator  due  to  change  of  current  of 
photoeailtiplier.  This  change  of  voltage  is  shaped  by  unit  ES»M  into  a  standard 
pulse,  idiich  etarts  the  scanning  genarator  ix^  the  opposite  direction,  by  force  of 
which  the  beam  will  move  to  the  opposite  edge.  As  a  result  there  will  be 
axtabliahed  natural  oacillation  of  the  beam  between  edge#  cf  the  (sask.  Amplitude 


•Offered  and  devalopad  in  hemmsf  cf  ScivKea  of  USSR  by  A.  D.  lalanteev  [33, 
[a]',  see  also  R.  Havilend  flj. 
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of  the8«  oscillations  trill  be  directly  proportional »  and  frequency  inversely 
proportional  to  the  distance  between  edges,  when  the  bean  Bovee  with  constant  speed 
along  the  y — y  axis. 

Usually  in  such  functional  generators  we  use  the  depmdence  of  asplitude  of 
natural  oscillations  on  distance  between  edges,  since  here  rigid  requirenents  ere 
not  put  on  linearity  of  change  of  voltage  of  generator  of  scanning.  IXiring  change 
of  asplitude  of  natural  oscillations  will  change  by  the  saae  law,  by  whicn 
the  distance  between  edges  changes.  When  both  edges  of  aask  are  syosetric  with 
respect  to  axis  x,  aaplitude  of  osclllaticns  will  reflect  the  ordinate  of  the 
function  given  for  reproduction  with  accuracy  up  to  a  constant  coBponent.  Aaplitude 
of  iiatural  oscillations  will  be  converted  into  constant  voltage  by  a  demodulator. 

As  d«Dodulator  there  is  used  a  special  circuit  of  a  peek  detector,  ensuring 
iix.<»iaritj  of  rectifying  in  the  operating  range  of  frequencies  with  accuracy 
As  gsnerator  of  scanning  we  apply  syasaetric  trigger,  whose  plateo  are  loaded  by 
integrating  networks. 


Fig.  lOS,  Functional  diagras!  of  functional  generator, 
based  on  principle  of  dynamic  cempensation.  l-^cathode- 
ray  tube;  2— photomultiplier;  3— pulse  forming  unit;  4 — 
generator  of  ccanning,  5-'peak  detector;  6 — integrating 
amplifier,  -source  of  stabilised  voltage  for  cempeneation 
of  constant  cemponMit;  8 — key;  9 — opaque  mask. 

Presence  of  initial  distance  bu  between  edge*  of  mask  (Fig.  109)  ie  caused  by 
necessity  of  obtaining  negative  values  of  output  voltage,  and  also  the  difficulty 
of  obtaining  small  amplit'aies  of  natural  oscillations  with  very  great  frequency  due 
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to  inertness  of  systcn  and  nonlinearitj  of  operatlcm  of  peak  detactor  at  mall 
signal  aaplit^es.  Constant  ccnponant  caused  by  this  initial  amplitude  of  natural 
oscillations,,  is  compensated  at  output  by  voltage  Uq. 

During  operation  of  the  generator  there  is  possible  random  nonoperation  of  the 
scanning  generator  or  bi^'eak-doMn  of  natural  oscillations  ot^ring  to  sharp  change  of 
input  voltage  .  Therefore  in  the  generator  is  provided  special  protection 

froBs  break -dcarr  if  natural  oscillations.  In  case  of  nonoperation  of  scanning 
generator  after  appearance  of  beam  on  edge  of  mask  output  voltage  of  scanning 
generator  will  increase,  until  key  K  openr  which  will  cause  change  of  voltage  at 
the  input  of  BFI  and  in  turn  will  cause  appearance  of  impulse  at  output  of  BFI 
and  operation  of  scanning  generator.  The  next  opsration  will  occur  when  the  beam 
reaches  the  opposite  edge  of  mask,  since  with  sett;|ing  of  beam  beyond  screen  at 
output  of  photoomltipl^er  appears  a  voltage  jump,  opposite  in  sign  to  that,  which 
takes  place  with  emergence  of  beam  from  behind  the  mask.  Pulse  shaping  unit  does 
not  react  to  voltage  jumps  of  this  polarity.  The  very  same  occurs  during  non- 
operation  of  rP  At  the  other  edge  of  mask.  In  absence  of  mask  screen  there 
take  place  natural  oscillaticms,  amplitude  of  which  is  gireater  than  amplitude, 
corresponding  to  maximum  width  of  mask,  which  is  attained  by  corresponding  ^justment 
of  the  key. 

Frequency  of  natural  oscillations  for 
obtaining  the  widest  possible  pansband  for 
the  device  should  be  as  high  as  possible. 

With  a  fixed  maximum  distance  between  edges 
of  mask  the  lower  limit  of  frequency  of 
natural  oscillations  is  detamined  basically  | 
by  properties  of  the  luminophor  of  the  tube  ? 
(time  lag  of  glcM  and  time  of  afterglow). 

i 

In  connection  with  this  it  is  expedient  in 


St 


Fig.  109.  Fxaaple  of  mask 
for  functional  generator, 
built  on  principle  of 
dynamic  cenpensation. 
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such  gsRsr&tors  to  use  c&thods-rsjr  tube  with  screen  aade  of  cslIcIub  txmgstete, 
possessing  coep&ratively  soall  afterglow  and  giving  a  blue  glotr,  for  which  smsi- 
tivity  of  photcwultiplier  turns  out  to  be  th®  greatest. 

With  the  taker,  diaonsions  of  suiak  (Fig.  109)  niniinai  frequency  of  nat;u*al 
oscillations  is  approximtely  1000  c  which  provides  a  passband  about  100  c. 

Main  sources  of  error  of  functional  g^erator  are:  inconstancy  of  Boeent  of 
starting  and  switching  off  of  scanning  due  to  instability  of  brightness  of  the  spot, 
nonlinearity  and  instability  of  peak  detector,  instability  of  power  supplys 
(especially  for  compensation  of  constant  cottponent)  and  inaccuracy  of  aanufacture 
of  screen.  Error  due  to  inconstancy  of  mcmoit  of  starting  and  switching  off  of 
generator  of  scanning  significantly  decreases  with  application  of  optics,  projecting 
on  photocathode  the  image  of  luaunescent  spot  and  scx*een.  General  view  of  such 
functional  generator  as  made  by  Academy  of  Sciences  of  USSR  is  shown  in  Fig,  110. 

In  generator  is  provided  possibility  of  rapid  transition  from  circuit  with 
controlled  scanning  beam  to  circuit,  operating  on  static  principle. 

Results  of  ejq^erimental  checking  of 
operation  of  f'lnctional  generator  with 
controlled  unfolding  of  beam  showed  that 

1)  error  of  reproduction  of  factions  with 
hand  manufacture  of  mask  lies  within  1.5>C; 

2)  drift  of  output  voltage  of  order 
O.A  V  in  15  min; 

3)  paasband  —  30  c; 

4)  limits  of  change  of  output  voltage 
+120  V  with  10  kilohm  loed. 

CoBparison  of  functional  generators, 
made  of  cathode-ray  tubes  cn  the  static 
principle  and  those  with  controlled  scanning 


Fig.  110.  General  view  ol 
cathode-ray  functional 
generator  with  controlled 
scanning  of  beam. 


of  ba«ia  mhoirs  that  the  latter,  with  other  technical  indices  equal,  require  for  their 
realisation  nore  electronic  equipaent  and  give  the  worst  use  of  the  useful  area  of 
the  mask.  However  with  functional  generation  these  devices  allow  us  to  carry 

out  also  frequency  modulation  and  several  other  cofunctions.  Continuous  movement 
of  the  beam  on  the  screen  in  these  devices  gives  a  certain  increase  of  period  of 
service  of  cathode-ray  tube,  ensuring  more  unifom  wear  of  screei: . 

Hy  cathode-ray  functional  generators  it  is  possible  to  reproduce  also  functions 
of  two  variables  (G.  Kom  and  T.  Kom  (Ij).  With  this  aim  between  the  screen  of 
cathode-ray  tube  and  photomultiplier  is  placed  a  mask,  whose  transparency  changes 
frctt  point  to  point.  The  quantity  of  luminous  flux,  and  consequently,  the  output 
current  of  photomultiplier  will  be  proportional  to  transparency  at  a  given  point 
of  the  mask.  Making  the  mask  in  such  a  manner  that  its  transparency  changes  with 
respect  to  the  given  function,  from  the  cooi\iinate8  of  the  beam  (or  voltages  on 
deflecting  plates).  One  can  obtain  a  functional  generator  of  two  independent 
variable? • 

~  /  (#»,  |.  r,,  j)- 

Application  of  such  functional  generator  simplifies  obtaining  of  ccnplicated 
functions  of  the  form 

However  accuracy  of  their  work  is  low  and  constitutes  2-10$  and  the  device  itself 
is  complicated,  since  it  requires  very  stable  operation  of  the  screen  of  the  tube 
and  photomultiplier.  Furthermore,  technology  of  obtaining  of  semitransparent  masks 
with  given  distribution  of  transparency  is  sufficiently  labor-consuming. 

During  construction  of  specialised  functional  generators  of  two  variables 
semitransparent  mask  can  be  located  inside  the  electron-beam  tube.  Here  the  need 
of  a  photomultiplier,  naturally,  disappears. 
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4.  Pulse  Functional  Generatora  of 

2E2Ll£E9i 

In  recent  years  there  have  been  offered  a  nuaber  of  circuits  (L,  G.  Poliaerov 

[1],  E.  E.  Newholt  [1])  of  pulse  functional  generators  of  open  type  using  cathode- 
ray  tubes.  In  these  fiinctl(xml  generators,  just  as  in  those  described  above 
(page  239) (  a  photoeultiplier  serves  only  as  an  Indicator  of  appearance  of  beaa 
in  slits  of  mask. 

Functional  diagram  of  a  device  is  shotm  in  Fig.  111.  Here  is  depicted  also  a 
cathode-ray  tube  vith  mask,  provided  with  two  slits.  Slit  I  corresponds  to  the 
function  given  for  reproduction,  and  slit  II  serves  to  fix  the  axis  of  the  argument. 
The  beam  with  the  help  of  scanning  generator  periodically  deviates  from  the 
horizontal.  At  the  moment  of  appearance  of  beam  in  slit  II  or  slit  I  at  the  output 
of  {^otcoultiplier  2  appear  pulses  which  change  the  position  of  trigger  6.  As  a 
result  at  the  output  of  the  trigger  there  can  be  singled  out  square  pulses,  duration 
of  which  will  be  proportional  to  the  distance  between  edges  of  slits.  So  that 
measiirement  of  this  distance  is  made  only  during  forward  moveaent  of  beaa  (from 
slit  II  to  slit  I)  slits  are  o^e  of  different  width.  This  establishes  a  definite 
sequence  of  pulses  during  forward  movement  and  other  sequence  during  reverse.  In 
the  pulse  selection  unit  5  there  is  passed  only  the  sequence  of  forward  movement. 


Fig.  111.  Functional  diagram  of  pulse  functional 
generator  of  open  type.  1 — generator  of  scanning; 

2—  photcmultiplisr;  3"lisd.terj  4— pulse  shaper; 

3—  pulse  selection  unit;  6 — trigger;  7— key;  8 — RC 
circuit;  9 — p^sak  detector;  10 — cathode  follower. 

Conversion  of  duration  of  squax^  pulses  into  voltage  it  carried  out  by 
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lnt«grftting  ncttroric  6,  and  volt4g«  on  capacitor  la  fixed  by  peak  detector  9>  With 
frequency  of  scanning  500  c  operating  frequency  of  input  signals  does  not  exceed  5  c. 

Such  functional  generator  is  yielding  to  generators  of  closed  type  with  control¬ 
led  scanning  of  bean,  since,  other  conditions  equal,  its  accuracy  depends  on 
linearity  of  generator  of  scanning,  and  the  passband  turns  out  to  be  considerably 
narrower. 

Essential  istprovefaent  of  perfonaance  of  the  considex^  functional  generations 
was  attained  in  the  work  of  A.  I.  Petrenko  [1],  who  offered  a  nethod  of  ccobining 
of  pulse  and  continuous  circuits. 


CHAPTER  VIII 
MULTIPLIERS  AND  0IVIIXRS 

It  Claaalflcatlon  and  Short  Survey  of  Principles  of 
Constniction  of  fr^ltipliers. 

Various  constructions  of  aultipliers  and  dividers  ^re  conveniently  classified 
on  the  diagram,  brou^t  in  Fig.  112.  Here  all  devices  are  broken  down  Into  two 
groups:  devices  of  direct  and  Indirect  action. 


Fig.  112.  Classification  of  multipliers. 
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In  direct  action  devices  the  operation  of  multiplication  (division)  of  two 
independent  variables  is  carried  out  directly  by  use  of  various  physical  laws. 

In  indirect  action  devices  the  operation  of  multiplication  is  carried  out  by 
a  number  of  other  mathenatical  operations.  Here  usually  the  transition  to  other 
mathematical  operations  is  carried  out  on  the  basis  of  known  relationships  of 
analysis  or  algebra  and  requires,  as  a  rule,  realisation  of  functional  generation. 
Thus,  for  example,  using  relationship 

4a^  -  (A  :  \,  ~  r\  -  VI-,  (8.1) 

it  is  possible  to  replace  operation  of  imiltiplication  by  operations  of  algebraic 
addition  axxl  squaring. 

Functional  diagram  of  device,  reproducing  equation  (8.1)  is  shown  in  Fig.  113. 


Fig.  113.  Finctional  diagram  of  sultiplier 
with  square-law  function  generators.  — 
square-law  function  generators. 

As  follcws  from  the  figure,  for  realisation  of  operation  of  multiplication  ther*. 
are  required  linear  computing  elements  for  summation  and  change  of  sign  and  two 
functional  generators,  carrjrlng  out  squa2*ing. 

For  construction  of  such  funeticnal  generator,  there  can  be  used,  for  example: 
quadratic  dapendence  of  plate  current  on  grid  voltage  of  three-electirode  electron 
tube  in  regions  of  small  plate  currente,  nonlinear  characteriatics  of  pentodes 
(J.  M.  Oukea  tlj),  and  cathoda-ray  or  diode  functional  generators. 

As  another  example  let  ue  consider  obtaining  of  a  product  on  the  basis  of 


ralAtlonahip 


Hare  it  is  already  required  to  carry  out  other  functional  generation-finding  a 
logarithn  of  an  independent  variable.  The  antilogarithn  here  ie  often  obtained  by 
coupling  a  logarithmic  generator  in  the  feedback  circuit  of  tne  operational 
amplifier. 

bince  logarithmic  function  is  not  definite  for  negative  values  of  argument,  then 
multipliers  of  this  type  are  useful  directly  only  if  the  co-factors  do  not  change 
sign.  Otherwise  it  is  neces  ary  to  add  ccwistant  positive  quantities  to  co-factors 
X  and  y,  and  then  by  subtraction  of  corresponding  quantities  single  out  the  desired 
product . 

Thus,  for  example, 

(x-taUy  f  *>  =inlill}f(jr  f  a)  4- 1,' (y  4- 

whence 

jry  ^  flA  _  ay  _  (I? (x  4-  e )  I;,  (y  4  A)|  (8.3) 

Logarithmic  multipliers  allow  us  to  execute  not  only  multiplication  of  several 
CO- factors  (two  or  more)  and  also  involution  and  extraction  of  root. 


Fig.  114.  Functional  diagram  of  multiplier  with 
logarithmic  generators. 


In  Fig.  114  there  is  presmted  the  functional  diagram  of  such  a  multiplier. 


Logarithmic  functional  generators  can  be  based  on  the  diverse  principles.  In 
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certAin  cases  there  ere  used  nstural  nonlinear  characteristics  of  electron  tubes. 

In  Fig.  115  is  brought  circuit  (see  B.  Chance,  V.  Huges  fl])  for  obtaining 
product  (m  the  basis  of  expression  (6.2)  with  use  of  known  property  of  grid 
characteristic  of  triode: 

(8.4) 

which  is  correct  with  low  grid  currents,  i.e.,  with  large  values  of  resistors, 
connected  in  grid  circuit.  For  integrating  aaplifier  it  is  possible  to  write 

or 

{U^\  -  Rt/,.  4-  (t/..),  -  -f  ^  ^  =  0. 

where  subscripts  1,  2,  3  signify  the  nunber  of  the  tube  in  the  circuit. 

Selecting  U(j  in  such  a  manner  that  —  t/g.  and 

asstsaing  Kf~*x  ,  we  receive 

whmce  it  foUcws 

log/,.  4- log/,, -log I,,  or  //,  = /y,  -  (8.5) 

C(Qnsequently,  voltage  u,  is  the  Measure  of  product  xy. 


Fig.  115.  Olagrasi  of  Multiplier  based  on  loga¬ 
rithmic  dependence  of  plate  current  on  grid  voltage 
of  triode. 

Instability  of  characteristics  of  electron  tubes  leads  to  increase  of  error 
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of  such  devices.  In  connection  with  this  Xatel/  widely  used  ere  ■ultipliers 
(B.  Davis,  I.  Swift  flj)  in  which  reproduction  of  logarithsdc  function  is  cwrriett 
out  cm  the  basis  of  piecewise-linear  approxiisation. 

If  one  were  to  use  the  expression  for  total  differential  of  product  of  functions 

d{xy)  =  X  dy  ydx.  (8.6) 

after  integraticm  of  both  parts  of  equation  we  receive 

xy--jxdy-^  j  ydx.  (8.7) 

In  this  case  operation  of  sultiplication  is  reduced  to  integration  and 
susnaticm.  Since  integraticm  here  should  be  produced  for  every  independent  variable, 
in  the  general  case  not  being  tine,  this  method  of  obtaining  a  product  cannot  be 
realized  on  electronic  integrators,  carrying  out,  as  we  know,  integration  only 
with  respect  to  time.  This  method,  however,  is  successfully  used  in  solving 
problesm  on  mechanical  integrators  (I.  S.  Bruk  [Ij,  V.  Bush  fl]). 

Comparative  complexity  of  devices  of  indirect  action  and  dependence  of  their 
error  on  accuracy  of  fulfillment  of  separate  elements  caused  developsMnt  of  devices 
which  execute  the  operaticm  of  multiplication  (division)  directly. 

Direct  action  devices  by  principle  of  construction  can  be  di* ided  into  two 
grcupe:  ccmpensational  devices,  either  closed  (with  negative  feedback),  or 


Fig.  116.  Various  principles  of  construction 
of  multipliers. 
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Ir,  p«ir<iaeiric  ievices  are  used  whose  physical  properties  ensure 

iulfiiljnent  of  nruiti pi ication.  Examples  are  linear  rl-d  and  a-^  circuits  (Fig.  ii6, 
a  and  b),  for  which  the  voltage  drop  on  a  circuit  element  is  the  product  of  two 
ir.ciepciident  variable8--cuiTcnt  and  resistance,  or  a  wattmeter  element  (Fig.  Il6d), 
for  which  the  moment  developed  by  the  mobile  system  is  the  measure  of  the  prcxluct 
of  two  independent  variables  --  two  currents  or  current  and  voltage.  Likewise,  the 
electromotive  force  is  developied  by  a  generator  on  idle  running  (Fig.  116c),  is 
proportional  to  the  product  of  two  independent  variables:  speed  of  rotation  of 
ai-maturc  and  quantity  of  magnetic  flux. 


Fig.  117.  Multiplier  based  on  amplitude  modulation  of 
signals.  1 — first  balanced  modulator;  2 — second  balanced 
modulator;  3 — demodulator. 

KEY:  (a)  To  carrier  frequency  source. 

For  obtaining  a  product  there  may  also  be  used  the  phenomenon  of  amplitude 
modulation.  In  Fig.  11?  is  depicted  the  fundamental  circuit  of  one  such  device 
(G.  D.  McCann,  C  H,  Wilts,  and  B.  N.  Locanthi  [1]),  made  on  the  basis  of  two 
balanced  modulators:  one,  assembled  in  a  annular  circuit  of  dry-diac  rectifiers, 
and  the  other — tub«,  using  property  of  variable-mv  tubes  to  change  steepness  of 
grid  characteristic  (in  definite  limits)  directly  proportionally  to  voltage  spplied 
to  grid. 

Modulated  in  the  first  modulator  the  input  signal  will  form  as  it  were  the 


vo^t&^e  cf  t,h»*  c^irrier  frequency  for  tf.e  second  coduiatcr,  where  this  carrier 
frequency  a  arcond  time  13  mudulatod  by  a  second  input  voltage.  Double-modulated 
vultage  of  carrier  frequency  after  amplification  is  rectified  by  phased  cectifler 
(demodulator).  Magnitude  of  reutifiod  voltage  turns  out  to  be  proportional  to 
product  of  and  'I^,. 

In  compensational  devices  the  operation  of  multiplication  is  executed  with 
coverage  of  the  device  or  its  main  elecents  by  negative  feedback.  Here  it  turns  out 
that  the  result  of  operation  of  these  devices  under  certain  conditions  does  not 
depend  on  change  cf  characteristics  of  elanents,  covered  by  feedback.  Compensational 
multipliers  are  constructed  on  diverse  principles.  They  can  be  divided  into  three 
main  groups : 

..)  devices,  based  on  automatic  change  of  transmission  factor  of  a  certain 
network; 

2)  devices  with  electrodynamic  elements; 

3)  devices,  based  on  application  of  electron -beam  tube  with  transverse  electric 


Fig.  1  IB.  Methods  of  realisation  of  multiplication  of  sign- 
alternating  signals.  1 — multipliers,  woricing  with  one  sigri- 
altemating  co-factor;  2- -differential  amplifier. 


Multipliers,  made  in  the  form  of  f\ireiy  electronic  systems,  proviie  a  suf 
ficiently  wide  passband  of  signals  and  error  within  L-.l  K1  pctrc^iechani cai 

device  although  they  ensure  in  rrincirle  large  accuracy,  have  a  narrow  far  'band 
(up  to  1  c). 

Usually  to  multipliers  is  presented  the  requirement  to  carry  out  the  of-eration 
of  multiplication  of  two  co-factors,  each  of  which  can  ta<e  both  positive  and 
negative  values.  Above  it  was  shown  hew,  with  the  help  of  a  multiplier,  working  in 
principle  only  with  positive  values  of  co-factors  (multiplier  with  logarithmic 
generator),  it  is  ;Dossible  to  carry  out  multiplication  of  sign-alternating 
co-factors.  In  Fig.  Ii8a  and  118h  are  brought  methods  (G.  Kom  and  T.  Kom  flj) 
of  realiiiation  of  multiplication  of  two  sign-alternating  co-factors  by  multipliers, 
in  principle  allowing  change  of  sign  for  only  one  co-factor. 

In  recent  years  aost  widely  applied  are  multipliers  based  on  the  time-pulse 
principle,  and  multipliers  made  from  square-law  functional  generators.  The  first 
ensure  comparatively  high  accuracy  0.1to0.2$  in  a  relatively  narrow  passband,  the 
latter  differ  by  a  wide  passband  and  accuracy  within  0.5  toll. 


a/ 
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Fig.  119.  Methods  of  construction  of 
dividers.  <tn  — functional  generator,  1-- 
mu'  llplier. 

Operatl(Wi  of  finding  a  quotient  usually  is  executed  either  by  a  multiplier 
in  combination  with  a  functional  generator,  giving  the  reciprocal  (Fig.  Ii9a),  or 
by  coupling  a  multiplier  in  the  feedback  circ\dt  of  an  amplifier  with  large 
amplification  factor  (Fig.  119b). 


.r<»  .as'  '-esf  are  -;,rr«ct 

/  -  kl  1.  /. 


anti  sinre  /,  /.  ‘hen 

t'.  *1;-.  (8,8) 

The  latter  nethoJ  of  obtaining  a  divider  requires  less  equipment  and  gives  the 
possibility  to  obtaining  the  operation  of  division  in  a  wider  range  of  change  of 
Uy  as  compared  with  application  of  a  functional  generator  reformer  for  obtaining 
of  quantities,  reciprocal  to  Uy. 

2.  Multipliers  Based  on  Principle  of  Automatically 
Hegulated  1 ransm^ssion  Factor. 

These  devices  usually  consist  of  a  network,  to  whose  input  is  fad  a  voltage, 
representing  one  co-factor,  and  the  transmission  factor  automatically  changes 
leneariy  with  change  of  voltage,  representing  the  second  co-factor. 

Depending  upon  peculiarity  of  physical  realization  of  this  network  we  distin¬ 
guish  : 

a)  devices,  made  from  an  operational  amplifier  with  a  transmission  factor 
changed  by  steps; 

b)  time-pulse  devices,  or,  as  they  are  othsrwise  called,  devices  with  pulse 
dividers; 

c)  devices,  based  on  double  amplitude  modulation; 

d)  AM-FM  devices. 

For  increase  of  accuracy  of  conversion  of  one  of  the  co-factors  into  the 
transmission  factor  of  the  netwoiii  there  is  used  introduction  of  negative  feedback. 

On  skeleton  diagram.  Fig.  120,  by  4“^  is  designated  the  divider,  to  whose 
input  is  fed  constant  voltage  Uy,  and  from  the  output  is  removed  part  a  Uy 
(where  a  Is  the  instantaneous  value  of  the  divider's  transmission  factor).  This 
signal  is  ccaapared  by  differantial  amplifier  3  with  signal  rapraaanting  one 
of  the  co-factora.  In  case  of  mismatch,  to  the  divider  is  fad  a  signal  which 


Fig.  120.  Mathod  of  auLomatic 
control  of  transmission  factor 
by  negative  feedback. /l-l,, 4-2 
— dividers i  3“differential 
Amplifiers. 


ctanfi-es  its  transniissian  factor  in  such 
direction  as  to  eliminate  this  mismatch. 
In  a  steady-state  reg  me  with  very  iar^e 
K this  relationship  is  correct: 

af/„  r,. 

wtiencc 

Ir  L',. 


If  the  coefficient  of  division  of  the 
second  divider  4“2  changes  owing  to  the 

same  mismatch  signal,  then  during  feeding  its  input  with  voltage  of  ocoond  co-factcr 


Uy  we  receive 


u,u. 


(8.9) 


Let  us  consider  certain  practical  circuits  of  the  above-mentioned  multipliers . 
a)  Multipi-ier  based  on  step  change  of  transmission  factor.  In  the  muitipilt* , 
based  on  step  change  of  transmission  factor  of  operational  amplifier,  there  is  usea 

the  basic  ratio  for  an  operational  amplifier 


f  I 


When  ^2  --  const  output  voltage  is 
proportional  to  product  of  ccwiductance 
and  ,  .  If  one  were  to  make 

conductance  according  to  law 

F,  - (8.10) 

then  such  a  device  would  execute  the 
operation  of  multiplication. 

However  it  presents  great  difficulties 


Fig.  121.  Skeleton  diagram  of  multi¬ 
pliers  with  step  change  of  trans¬ 
mission  factor.  1,  2-amplifler8i  execute  conductance,  linearly  changing 

3--rever8ible  binary  counter^  i*-- 

pulse  generator  and  shaping  cascade,  under  the  influence  of  voltage  arxl  not 
3--coas»and  output,  senaitive  to 

polarity  and  magnitude  of  mleaatch  introducing  here  its  own  smf  to  the  circuit. 

fa)  Count:  (b)  Add;  (c)  Subtract. 
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w«  usua*^y  r«»ori  to  afprox^^mate  realliation  of  reiationahip  (8.iC), 
replacing  ixotM..  dcpendorce  by  stap  or  changir^  to  linear  dependence  between  mean 
ralues. 

In  Fig.  1^1  is  brought  skeleton  diagraa  of  ore  variant  of  such  a  multiplier 
{ £.  A.  Goldberg  (Ij).  Conversion  of  one  of  co-fa^'tors  into  a  proportional  change 
of  conductance  is  carried  out  here  by  a  unique  systea  of  negati^ e  feedback,  including 
a  digital  device. 

For  the  first  operational  amplifier  this  equality  is  correct: 

t'.  >7 (s.ii) 

If  this  voltage  exceeds  a  specific  positive  value  ,  the  device 

delivering  coonands  lets  pulses  pass  to  the  binary  counter,  which  for  each  pulse 
takes  away  one  from  the  number  earlier  fixed  on  it.  To  each  digit  of  the  binary 
counter  there  corresponds  a  relay  and  a  conductance  (AK,,)  connected  by  this  reiay 
to  the  input  of  the  operational  amplifier.  This  process  will  o«*.cur  until 
changes  so  ouch  that  with  constant  U,  will  be  less  than  t/,,  .  In  thi  rase 

access  of  pulses  to  binary  counter  will  stop.  WI.cn  t',  < //,  <;  o.  then 
device  delivering  commands  again  lets  pulses  pass  to  the  binary  counter,  but  .-'.ow 
every  pulse  already  adds  one  to  the  number  on  the  counter  and  thereby  avitches 
the  relay  in  such  a  manner  that 

<  !t\|. 

When  U^~*o  in  a  steady-state  regime  this  relationship  is  correct: 

_  (/  »  0. 

fi  ft 

whmce 

(8.12) 

If  binary  counter  eimultaneously  controls  several  identical  systems  of  relsys, 
snd  the  letter  commute  conductsnce  to  Input  of  other  operstlonsl  amplifiers,  thm 
at  the  output,  for  example,  of  operational  amplifier  2  we  will  receive 


if  we  a*isuae  that  ''  ,  «ir  t  Y  •  -  ^p,  -Yen 

I !  '  .  i  :  ) 

V, 

iince  input  Imierance,  ctjBinutetl  by  the  relciys,  is  ronatitulTU  fr-net  rvissiv#* 

eloments,  then  for  reaiitation  of  multiplication  with  si^fji-altematinK  co- factor 

1-j^  we  u«e  audition  to  the  input  of  first  operational  ampiifer  of  a  positive 

voltage  ,  in  magnitude  exceeding  the  imaxurnun  possible  value  of  voltage  Here 

i\i\ 

in  the  product  there  is  a  suparfluous  component  ,,  ,  which  must  be  iieauct^'C. 

1 1 

by  feeding  the  inpwt  of  the  operational  amplifier  2  an  additional  comfxiiient 
after  sign- inverter  j  (Fig.  122). 


•»‘x 

V.  %  -5  -I 


Fig.  122.  The  same  es  in  Fig.  121  but  for 
multiplication  of  sign-alternating  signals, 

1,  2,  3--«aplifi®re;  4  — reversible  binary 
counter,  5--cc*amanrt  output,  6--pul3e 
generator  and  shaping  cascade. 

KEY;  (a)  ^dd;  (b)  Count;  (c)  ilubtract. 

In  the  described  device  there  were  provided  11  binary  digits  in  the  binary 
couihter  and  correspcndingly  11  passive  circuits,  ccawuted  to  input  of  operational 
ampliflsr  which  allowed  ua  to  set  conductaiwre  at  the  output  with  accuracy  of 
O.U025S  in  reference  to  aaxisuB  value. 
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for  acce^er^t: ';:r.  f  .^-erallon  -f  ievi.re  as  caBBrutlnf  d^vicss  trsr?  ussd 

sr^ciij.  3p'>eer!  relays  wiih  a  rsspons*;  ■ )t  txcsealn^  aiicrosscufiits . 

At  a  frequency  of  uise  rep>etition  of  itM^  c  the  tiae,  requi.-aci  t  eharjre 
with  intermittent  change  of  by  a  total  magnitude,  constitut'd  1  sec. 

The  considered  device  allows  us  to  realize  simultaneous  multi  plication  of 
magnitude  by  several  variables  U^-}.-**Hero  we  need  additional 

conductances,  controlled  frc«a  relays,  and  corresponding  quantity  of  operation 
amplifiers.  Other  equipnent  will  be  coonon  for  ail  multiplication  circuits. 

The  device  as  a  whole  possesses  a  lea#  passband  arxl  requires  a  large  number  of 
electron  tubts. 

bjMulti pliers ,  based  on  application  of  pulse  voltage  dividers  (time-pulse 
devices) .  Multipliers  considered  i.n  this  section  are  based  on  change  of  spacing  rf 
periodic  sign-alternating  rectangular  pilses  proporticxial  to  one  of  the  co-factors 
and  of  the  amplitude  of  these  p>  Ises  propoitional  to  the  secede. 


Fig.  liti.  Principle*  of  construction  of 
time- pulse  multipliers.  3 — key  controlling 
units. 

In  Fig.  123a  is  a  skeleton  diarraa  of  the  device,  explaining  the  principle  of 
ts  operation.  Fey  K  is  periodically  switched  from  contact  A  to  contact  R,  ground' 
thereby  the  lower,  and  than  the  upper  voltage  divider.  To  the  upper  voltage  divia<. 
is  fed  a  pc'r.it'.ve  va^ue  of  first  co-factor,  and  to  the  lower — a  negative,  obtained 
with  the  help  of  sign-inverting  amplifier  1. 

’’“o  the  output  of  the  device  moves  voltage  i(  ,  when  key  is  on  contact  A 


and--  il'y  with  transition  of  key  to  contact  B, 

I>et  time  of  stay  of  key  on  contact  A  be  tj^,  on  contact  H,  t2,  and  total  period 
of  operation  of  key--T. 

Wc  will  calculate  mean  value  of  output  voltage  of  device  for  period  T : 

t'.-.  c,  -  7'*  • 

From  formula  it  follows  that  mean  value  of  output  voltage  will  be  proportional 
to  product  of  IJy  by  relative  duration  (spacing)  of  operation  of  key: 

«  =  (8.15) 

If  one  were  to  construct  circuit  of  control  of  key  K  in  such  a  manner  that 
'  kiU^j  then 

(8.16) 


00  that  such  a  device  operate?  correctly,  it  is  necessary  that  frequency  of 
switching  of  key  is  significantly  higher  than  frequency  of  change  of  input  signals 
Ux  and  Uy,  i.e,,  that  for  the  period  of  operation  of  key  K  these  voltages  can  be 
considered  practically  constant.  Capacitor  C  serves  to  smooth  the  sign-alternating 
high-frequency  pulses. 

For  simplification  it  is  possible  to  execute  the  circuit  of  the  multiplier 
with  sign-alternating  co-factors,  using  only  a  one-weiy  key  (Fig.  123b).  In  this 
case,  so  that  output  voltage  of  amplifier  2  had  equal  amplitudes  during  open  and 
closed  state  of  the  key,  obviously,  it  is  necessary,  that 

“  2(Rj^  +  ^2^* 

In  recent  years  there  have  been  offered  a  number  of  devices,  working  on  this 
principle.  These  devices  differ  mainly  in  method  of  physical  realization  of  key 
and  circuit  of  obtaining  the  dependence  i  frequently  there  are 

used  polarized  relays,  fed  by  alternating  current  (D.  Isle  [Ij,  G.  Kom  and  T. 

Kom  r2j). 

Simultaneously  with  feeding  by  alternating  current  Into  coil  of  relay  is 
introduced  magnetizing,  created  by  voltage  Ux  of  second  co-factor.  Thanks  to  flow 
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of  nagnetiiijig  current  amature  of  relay  lags  in  one  extreme  position  longer  than 
in  the  other >  aixi  thus  there  is  attained  change  of  spacing  of  rectangular  pulses. 

To  improve  linear  dependence  of  spacing 
of  pulses  on  voltage  there  is  applied 
the  ccfapensationai  circuit  (C.  Korn  and  T, 
Korn  1 2])  shcem  in  Fig.  124. 

This  circuit  can  work  also  in  the 
absence  of  external  alterrsating  voltage  due 
to  nat'ural  oscillations. 

Such  multipliers  are  cnit standing  in 
their  simplicity  and  comparatively  low  cost. 
Error  of  their  work  is  ^-3.5^,  aM  passbtr-l  is  not  higher  than  1  cycle. 

Desire  to  exparJ  passoand  of  such  devices  and  increase  accuracy  of  their 
operation  lead  t ;  rtp.acmrent  cf  relays  by  the  electronic  key. 

The  Host  wide-spread  circuit  of  diode 
key,  applied  in  these  deviees,  is  shown 
in  Fig.  125  for  the  case  of  a  one-way 
koy.  To  tenalnals  N->'N  is  fed  alternately 
voltage  from  control  unit  by  the  key  first 
+150  V  and  then  +150  v.  When  there  is  fed 
+150v,  both  pairs  of  diodes  open,  whereupon 
tne  difference  of  potentials  between  points  a  and  b  becomes  equal  to  zero;  the 
key  is  closec In  the  case  of  opposite  polarity  diodes  are  closed  and  the  key  is 
open;  the  ir.put  sigrai  passes  into  the  operational  amplifier. 

In  Fig.  126a  is  the  functional,  and  in  Fig.  126b  the  fundamental  diagram  of  a 
multiplier,  developed  at  the  Academy  of  Sciences  of  USSR.''^ 

♦Figs.  126  and  127  are  borrowed  from  worit  of  I.  S.  Bruk  and  N.  N.  Lenov  flj. 


Fig.  125.  Circuit  of  diode 
key. 


r 


Fig.  124.  Electromechanical 
time-pulse  multipliers  with 
negative  feedback,  IIP  ■*- 
polarized  relays,  ,j  --static 
transaiission  factor  of  filter, 
1 — smoothing  filter. 
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stable  frequency  oscillator  creates  sinusoidal  oecillations^  which  with  the 
help  of  pwlse  shaping  circuit  ^'K  will  be  converted  into  pulses  with  frequency  k,b 


kc,  starting  oscillator  of  saw-tooth  oscillations  HP 

The  pulse  shaper  at  the  beginning  of  each  operating  period  of  the  saw-tooth 
oscillator  gives  a  pulse  to  trigger  T,  bringing  it  to  initial  position.  HT  for 
each  cycle  of  operation  gives  a  voltage  linearly  variable  in  time  with  a  snoall  return 
time  (of  the  order  of  0.05  T),  syioetric  relative  to  lero  (Fig.  i26b).  '^oitage 
U„  moves  to  gain  comparator  CA,  where  it  is  compared  with  input  voltage 
At  the  mcffient  of  equality  of  U,,  and  Uj^  the  gain  comparator  sends  a  pulse  to 
second  input  of  trigger  T  and  transfers  it  to  another  position.  Output  voltage  of 
the  trigger  controls  the  diode  key*  consisting  of  four  double  diodes  and  two 
voltage  dividers  (Fig.  127), 

From  the  diagram  of  change  of  voltages  at  separate  points  of  the  circuit,  in 
Fig.  126b,  it  follows  that  spacing  of  rectangular  pulses  at  output  will  be 


i  *= 


Therefore  according  to  expression  (£.U)  mean  value  of  output  voltage  will 
constitute 


(8.17) 

Stable  frequency  oscillator,  pulse  shape"  and  saw-tooth  oscillator  are  mounted 
separately  and  are  equipment,  coemon  to  all  nultipliers  the  simulator. 

Voltage  from  IIT  moves  to  gain  comparator  through  cathode  follower,  reproducing 
input  signal  with  error,  not  exceeding  0,05%  (tubes  i]^  and  "^i2  diagram 

of  Fig.  127),  and  eliminating  interaction  of  separate  multipliers  of  the  installa¬ 
tion.  The  gain  comparator  is  built  by  a  circuit  with  positive  feedback  through 
transformer  HI  (tube  J4  ).  Trigger  consists  of  double  oriole  6N8  (I5). 

Diode  key  consists  of  four  6N8  tubes  (  *^6  ^02*king  in  diode  regime. 

With  the  help  of  toggle  switch  T  it  is  possible  to  change  the  sign  of  oi^tput 
voltage  of  the  device. 
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Sign-changing  amplifier  and  output  amplifier  are  standard  operational  amplifiers 
of  an  analog.  < 


26.  Multiplier  of  analog  of  Academy  of 
^.:.ace8  of  USSR. 

KEY:  (a)  Sign-changing  amplifier;  (b)  Diode  key. 

As  expressicui  (8.17)  and  analysis  of  work  of  such  devices  show,  main  sources 
of  error  for  them  will  be:  unequalness  of  steepness  of  leading  and  trailing  edges 
of  pulses  at  the  trigger  out  put «  instability  of  amplitude,  error  in  linearity  of 
voltage  u„  ,  and  also  imprecise  work  of  keys  with  Increase  of  the  ccanutation 
frequency.  According  to  the  data  of  N.  N.  Lenov  [1],  total  error  of  such  a  device 


constitutes  1$,  and  the  passband  is  19  c. 


Fig,  127.  Operation  of  mul¬ 
tiplier  of  Fig.  126. 

KEY:  (a)  Germanium;  (b) 
Sign-changing  amplifier. 
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It  is  possible  to  ni^iific&ntly  decroaae  influence  of  above-mentioned  factors 
on  the  device's  er?<3r,  if  the  circuit  of  conversion  of  co- factor  ij^j  into  spacing 
of  rectang»xiar  pulses  is  ex  :uteci  on  the  principle  of  negative  feedback,  as  this  is 
offered  in  Vol.  21  cf  Trans.  Massachusetts  Institute  of  Technology  and  in  further 
developed  b}  A,  A.  Fel'dbaun  and  A.  I.  Manukhin  fl]. 


In  distinction  from  earlier  considered  circuit  here  trigger  T  simultaneously  con¬ 
trols  two  diodo  one-way  keys  (Fig.  128).  Key  passes  voltage  of  one  of  the  co- 

t 

factors  Uy  to  output  operational  amplifier.  To  key  K2  is  fed  a  constant  'reference 
vol  age  Uq.  Output  voltage  U2  of  key  K2  is  averaged  by  filter  Rjj),  C(j|)  and  is  fed 
into  amplifier  1  through  resistor  R2  with  a  sign,  opposite  the  sign  of  voltage 
Thus,  for  amplifier  1  there  will  be  foraed  a  negative  feedback  circiiit  through 
trigger  T,  key  K2,  filter  and  resistor  R2.  When  -  0  there  is  established  voltage 
of  such  magnitude  that  i  =0.  Voltage  at  integrating  point  Z  of  amplifier  1 
will  be 

(8.18) 

With  a  very  large  aaplificati jn  factor  of  amplifier  1  magnitude  l/^  can  be 
disregarded  as  conpared  with  components  of  the  right  side  of  equation  (8.18),  and 

a  t 

On  the  other  hand,  according  to  (8.14) 


whence 


'-If:  io; 


(8.19) 


From  expression  (8.19)  it  follows  that  considered  circuit  with  large  meaning 
of  amplification  factor  of  amplifier  1  establishes  proportionality  between  input 
signal  and  spacing  of  rectangular  pulses  at  the  key  output. 

InctabiJlty  of  amplitude  of  voltage  of  saw-toothed  oecillations 
amplification  factor  K:  amplifier  1  and  value  of  initial  spacing  does  not  affect 
accuracy  of  conversion.  Equally  small  deflections  in  linearity  of  voltage  are 


“1 


ijanat«rlal. 


Fig.  126.  Skeleton  dlAgran  of 
tlae-pulse  oultipller  with 
negative  feedback  and  diode  keys, 
KEY:  (a)  To  input  of  output 
operational  aapllfier. 


Accuracy  of  r^ault  depend  on 
stability  of  ^  and  »• 

This  Investigation  carries  a  qualitative 
character,  since  by  force  of  the  finite 
value  of  amplification  factor  there  ^111 
be  introduced  certain  eiror.  Fuithemore, 
tinequalness  of  time  constant  of  charge 
and  discharge  of  capacitor  during 
operation  of  the  key  will  also  affect  the 
departure  from  linear  dependence  (8.19). 

Fundamental  circuit  of  a  multiplier 
is  shown  in  Fig.  129.  31x  envelopes  in  the 

circuit  are  distributed  as  foUcws: 


and  J2  constitute  d-c  amplifier  1,  will  form  an  asymmetric  trigger  with 
cathode  coupling,  *^4  *  and  K2.  Tube  is 

cosmton  to  diode  keys  Kj^  and  K2.  Capacitor  C2  serves  to  prevent  of  generation  of 
the  d-c  amplifier,  but  capacitor  will  form  integrating  feedback.  Improving 
filtration  of  voltage  in  the  circuit.  Setting  of  trigger  in  intial  position  is 
carried  out  by  a  voltage  pulse,  appearing  at  the  moment  of  a  Jump  of  aaw-toothed 
voltage.  Output  voltage  of  considered  multiplier  is  determined  on  the  basis  of 
(8.14)  and  (8.19)  by  expression 


1/  #/ 

=»  —  Tf;-  -pr- 

If  reference  voltage  Uq  and  voltage  change  places,  such  a  time-pulae  device 
will  execute  the  operation  of  diviaion. 

Main  parameters  of  the  device  (according  to  the  data  of  A.  A.  Fel’dbaw  and 
A.  I.  Kanukhin  fl]  with  Uni.  frequency  squal  to  1000  c  are  such: 
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1)  ilate  of  initiating  th«  operating  sode  12  min; 

2)  aaxiauffl  drift  of  cA>'tput  voltage  in  lUO  sec  80-lCXJ  mv,  in  10  nin— 140  mv; 

3)  maxijnian  error  of  prcduct  ^0.4v; 

4)  maxiiDum  background  at  output  1  mv; 

b)  gain-frequ«icy  re8p<»^ae  has  a  slump  of  less  than  556  for  channel  up  to 
frequency  12  c,  for  channel  Uy  --  up  to  frequency  16  c. 

Further  iJiproveBenu  time- pulse  auitipl^ers  hao  beett  in  the  direction  oi 
increase  of  static  accuracy  and  expansion  of  passband.* 

In  the  circuit  (C.  D.  Morrill  and  R,  V.  Baum  [1])  shown  in  Fig.  130  this  is 
attained  by  transition  to  stabilised  electronic  keys  (Kj^  and  K2)  and  introduction 
into  the  self-excited  regime  a  circuit  of  conversion  of  into  spacing  of  pulses. 
Here  there  drops  the  need  for  a  source  of  saw-toothed  voltage. 

Stabilized  electronic  key  is  an  operational  amplifier  with  two  feedback  circuits 
parallel  to  the  amplifier.  Each  feedback  circuit  is  connutated  by  a  double  triode, 
controlled  through  two-cycle  amplifying  cascade  by  rectangular  pulses  of  trigger 
circiut. 

Depending  upon  polarity  of  rectangular  pulses,  arriving  at  grid  of  tube 
tube  'fz  opens,  (kit put  voltage  is  removed  from  points  A  and  A*  of  keys 

and  K2  accordingly.  When  the  upper  feedback  circuit  (Rq^)  i®  closed,  the  lower 
is  open,  and  voltage  is  aqxial  to  voltage  at  integrating  point  of  amplifier  1.  In 

practice  one  can  consider  it  equal  to  zero.  Upon  closing  the  lower  feedback  circuit 
the  upper  one  opens  and  output  voltage  obtains  the  value 

(8.20) 

With  such  a  furlnclple  of  construction  of  a  key  there  is  removed  drift  and 
influence  of  naturel  perameters  of  ccamutating  tubes  on  accuracy  of  work  of  system, 
and  vt  can  aaso  increase  frequency  of  ccmmutation  of  voltage  and  thereby  expand 
the  pAssband. 

♦See,  for  example,  R.  A.  Goldberg  (3],  B.  Plater  and  K.  Frintz  [Ij. 
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Fig.  129.  Fundamental  circuit  of  multiplier. 

We  will  derive  basic  relationships  for  the  considered  circuit  (Fig.  130), 


Fig.  130.  Time-pulse  multiplier 
with  stabilised  key.  1,  2,  3,  4 — 
amplifiers;  5— trigger  circuit  with 
two  stable  equilibrium  positions. 


Let  voltages  of  operation  of  trigger 
circuit  be  e^^  and  >  *2)* 

assume  also  that  operation  of  trigger 
circuit  after  reaching  62  correspcsids  to 
closing  of  key  (  i2i8  open,  and  i» 
shut),  and  operation  upon  reaching  e^^ 
corresponds  to  opening. 

Change  of  voltage  at  output  of  int egret 
3  for  both  cases  idien  ft  «  2,  R32  "  R32 
and  Ujj  c  0  will  be: 


f 


(8.21) 


If  ciiSnges  little  daring  the  time 


and  ^2*  dvo'ation  of  the  section  of  build-up  of  voltage  at  output  of 


integrator  will  be 


TTT 


/,)C 

</7 


For  section  of  voltage  drop  we  obtain  analogously 


(8.22) 


r  _  (^1  ^i)C 


(8.2 j) 


Spacing  of  pulses,  created  by  keys  and  when  R3X  R32»  i®  determined  by 
•xnression 


I 


T,  T,  _ 
fi  i-  ft  t'# 


Mean  value  of  output  voltage  of  operational  amplifier  U  when 


i, .  R  will  be 
41  42 


Rot 

Rt, 


(8.24) 
-  2  and 

(8.25) 


Frequency  of  natural  oscillations  of  circuit  of  conversion  of  voltage 
can  be  found  when  R^2  ~  expression 

_ ! _ 

"^1  +  fi  » 

which  shows  that  frequency  of  natural  oscillations  depends  on  magnitude  of  voltage 
Uq,  U^,  time  constant  and  voltages  of  operation  of  trigger  cii*cuit.  When 
Ug  =  100  V  this  frequency  of  natural  oacillations  according  to  the  data  of  C.  D. 
HorrlUand  R.  V.  Baiai  (Ij  changes  frem  f  -  15  kilocycle  when  -  0  to  f  -  10  kilo¬ 
cycle  when  -  100  v.  Error  of  product  of  such  a  multiplier  does  not  exceed  0.1^  and 
passband  lies  from  0  to  200  cycles.  Total  of  I'equlred  envelopes  is  18. 

Described  devices,  although  possessing  comparatively  good  technical  character¬ 
istics,  still  are  excessively  cosiplicated,  imreliable  and  have  exceptionally  high 
cost.  In  recent  years  in  connection  with  developsMnt  of  technology  of  ssadconductor 
instruments  and  magnetic  amplifiers  there  were  repeated  efforts  to  realise  the  time- 
pulse  principle  on  tubeless  elements  (L.  A.  Finsi  and  R.  A.  Mathias  (1),  L.  J.  Craig 
ilj,  P.  L.  Van-Alien  (ij). 
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As  exasple  let  ua  consider  the  aultipUer  offered  by  R.  L.  Van-AUen.  In  It 
are  used  pulse  dlrldere,  controlled  by  keys,  built  on  sesdconductor  trlodes  (R.  L. 
Bright  fl]).  RelatiTe  duration  of  siritched  on  state  of  key  changes  proportional 
to  voltage,  representing  one  of  the  co-factors,  and  anplitude  of  the  voltage, 
cooButatad  by  the  key,  represents  the  second  co-factor.  Mean  value  of  voltage, 
taken  frcsi  load  resistor  here  will  be  proportional  to  the  product  of  the  aentioned 
voltages  of  separate  co-factors. 


Fig.  131.  Principle  of  action  of  tlae-pulse 
aultlplier  on  ssaiconductor  trlodes  and 
transfonier  vith  core,  possessing  a  rectangular 
hysteresis  loop. 

Ci.iversion  of  voltage  In  relative  duration  of  work  of  sesdconductor  key  is 
carried  out  by  special  circuit,  the  basis  of  which  is  a  transforaer  with  core, 

a 

aade  froa  aaterial  with  a  rectangular  hysteresis  loop.  Change  of  flow  in  such  a 
core  under  the  influence  of  applied  voltage  one  can  detenaine  froa  sjcpression 

r 

l/,rf#[v  X  seej.  (8.27) 

if  one  were  to  ignore  voltage  drop  in  ohsde  resistance  of  winding  circuit  1  (Fig. 
131a). 

If  at  aoaent  of  application  of  voltage  the  core  already  was  satoretsd  under 
the  influence,  for  exaaple,  of  voltage  of  rectangular  fore  F-nepand  polarity  such 


that  the  core  is  here  aagneticaily  reversed,  then  change  cf  flow  for  a  fixed  intexnral 

of  tlae  will  be  proportional  to  the  mean  val  '  of  voltage  Ujj  for  the  same  interval 

of  time.  With  application  of  constant  voltage  of  magnetization  F^.^r^and  a 

disconiected  the  recovery  time  of  saturated  state  will  be  proporticaial  the 

accumulated  change  of  flow,  and  consequwitly,  to  the  mean  value  of  voltage  U^. 

Thanks  to  inclusion  of  diodes  jlj  and  ^2  in  the  circuit  cf  windings  I  and  II 

there  is  achieved  the  required  sequence  of  application  of  voltages  and 

Indeed,  in  the  half-period,  when  is  disconnected  from  winding  II,  under 

action  of  voltage  Ux  in  the  core  is  stored  a  chan,-  of  flow;  in  the  other  half- 

reriod  after  opening  diode  ^  there  is  a  return  to  the  former  saturated  state. 

Here  for  the  duration  of  time  i )  diode  closed  under  the  influence  of 

the  voltage  induced  in  the  winding.  Since  S  -  (Fig.  131b),  then 

.  (8.28) 

In  the  half-pericd  of  connection  of  voltage  Ux  in  winding  III  there  is  induced 

a  voltage  of  such  polarity,  that  the  seeuccnductor  trlode  is  closed  (potential  of 

base  is  higher  than  potential  of  the  emitter)  and  resistance  of  the  emitter-- 

collector  section  sharply  increases.  This  state  correspond#  to  opening  of  the  key. 

In  intexnral  (t  —  polarity  of  induced  voltage  changes,  the  triode 

\  2  f 

opens  and  to  load  resistor  in  pTactice  there  is  fed  total  voltage. 

Thue,  the  mean  value  of  voltage  on  load  .-esistor  for  period  T  will  be  proportion¬ 
al  to  the  desired  product 

flwmm 

"r"  ^  •  (e.29) 

In  Fig.  13<^  is  brought  a  full  fundamental  circuit,  designed  for  multiplication 
of  sign -alternating  co-factora.  In  this  circuit  for  improvement  of  coamutatian 
of  circuits  of  voltage  Ux  and  there  are  introducerl  two  semiconductor  keys 

Tp-3  and  Tp-6  and  an  auxiliary  transformer  with  windings  ,  W^,  W^  and  W^,  fed 
by  voltage  Beeidee,  for  limitation  of  current  in  the  circuit  Fnep 


are  introduced  diodes  and  ^^3  with  reference-voltage  ao»*rs  L. 

To  gxiarantee  accurate  work  there  ie  required  high  degree  of  etabiliaaticvi  of 
voltafes  E  am  Ef^^p  .  It  ie  necessary  also  that  sources  of  and  possess 
constant  internal  resistance,  not  exceeding  lOCX)  ohas. 

The  passband  is  detsTTiinert  by  the  frequency  of  ,  and  usually  Its  upper 

boundary  is  at  least  an  order  lower  than  the  frequency  of  Ej^^p  .  Static  accuracy 
according  to  the  data  of  R.  L.  Van-Allen  [1]  constitutes  ^lj(  at  constant  tenperature. 
IXiring  change  of  tenperature  fron  0  to  60°  accuracy  falls  to  2.^  (during  change  of 
input  voltages  in  an  interval  fron  0  to  16  v). 


Fig.  132.  Fundanental  circuit  of  tine- 
pulse  nultiplier  nsde  of  nagnetic  elenents 
with  a  rectangular  hysteresis  loop  and 
seniconductor  triodc  keys. 

A  dividing  tlns-pulse  devlcs,  made  out  of  theee  elwents,  ie  based  on 
peculiarities  of  corse  with  rectangular  hyetereeis  loope,  coneieting  of  the  fact 
that  the  time  of  reveree  magnet iaat ion  of  core  fron  one  stste  of  eaturetion  to  the 
other  ie  reciprocal  to  the  enplitude  of  the  nagnetlsm-reverei&g  vcltegf  (D. 
Schaefer  (Ij). 

Analyaie  of  work  of  described  devicee  shows  thst  they  etiU  csnnot  co^xletely 
replace  tube  devices.  Thsir  further  developnent  end  improveeaent  sre  in  direct. 
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dependence  on  inprovenent  of  technical  indices  of  semiconductor  triodes  and  cores 
with  a  rectar;^iar  hysteresis  loop. 

Multipliers  baaed  on  modolaiions  of  input  voltajtes.  Application  of  varicAis 
ffieth<xl3  of  ffiodulation  of  ^.ignals  allows  us  practically  with  that  aame  tatic 
accuracy  to  construct  a  multiplier  with  a  significantly  wid^r  paasband  as  compared 
with  the  above  considered  time-pulse  systems-. 

We  distinguish  'evices,  based  on  amplitude  (M.  Mehron  and  W.  Otto  flj)  and  on 
a  combined  amplitude  and  frequency  s^steE  of  modulatiai  of  signals. 

An  example  of  a  device  of  the  first  type  is  the  multiplier  of  the  Massachusetts 
Institute  of  Technology  (see  B.  Chance,  V.  Huges  fl]),  a  skeleton  diagrea  of  which 
is  shown  in  Fig.  Ijj. 


Fig.  133 •  Multiplier,  based  cn  amplitude  modulatian 
of  signal.  1— conti*olled  amplifier  with  amplification 
factor  mi;  2— controlled  amplifier  with  amplification 
factor  m2,  3,  4— generators  with  frequency  wiJ  5, 

4,  7 — rectifiers,  8 — cathode  follower,  9,  10 — filters, 
tuned  to  frequencies  wi,  w^. 

Basis  of  this  device  is  two  modulators  1  and  2,  made  in  the  fora  of  amplifiers 
with  amplification  factor,  changing  proportional  to  one  of  the  applied  voltages. 

As  such  amplifiers  one  can  use,  for  example,  cascades  of  vacuum-tube  amplifiers, 
constructed  from  "varlmu'  tubes  or  multigrid  tubes. 

To  amplifier  1  is  fed  signal  Ui  constant  in  amplitude  and  of  frequency  a,i. 

This  signal  after  amplification  is  rectified  and  is  compared  with  input  signal  (J^. 
If  both  signals  are  unequal,  then  there  appears  a  differential  signal  at  the  input 
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of  lAtsgrAtor,  And  to  uipllflAr  1  la  fad  tonaian  until  its  oKpllficAtlon  factor 
changes  so  that 

!(/,(•,).  (6,30) 

Thus,  by  the  conaiderad  negative  feedback  circuit  there  is  established  linear 
dependence  of  the  aaplification  factor  of  the  aaplifler  1  on  voltage  of  the  first 
co-iactor  independently  of  change  (within  certain  Units)  of  paragseters  and  operating 
conditions  of  aaplifler  1* 

Output  signal  of  aaplifler  1  here  is  a  signal  with  frequency  and  an  aapUtude, 
variable  proportional  to  input  signal  U^.  This  signal  is  suosed  with  a  signal  of 
frequency  >> 2  constant  amplitude  U2.  TiJ.s  sun  aoves  into  aaplifler  2  with  changed 

aaplificatioi:^  [actor.  Linear  dependence  between  aapUflcation  factor  of  amplifier 
2  and  voltage  representing  the  second  co-factor,  is  attained  also  by  application 
of  a  negative  feedback  circuit.  Here  output  voltage  of  amplifier  2  after  separating 
voltage  of  frequency  U2  ^  rectificaticn  Is  cosipared  with  Uy,  and  the  difference 
after  intergration  changes  the  ampllflcatior.  factor  of  amplifier  2  until 

(8.31) 

Output  voltage  of  arplifier  2  is  simultaneously  passed  through  filter  9, 
separating  signals  vith  frequency  and  then  after  rectifier  7  moves  to  the 
output  through  cathede  follower  8. 

Output  voltage  of  cathode  follower  here  will  be 


ss  I 

Substituting  in  this  expression  values  of  and  HI2  (8.30)  and  (8.31),  we  will 
receive  finally 

„  M, 

(8.32) 


..  M,  (f//. 


Such  a  multiplier  can  be  made  with  accuracy  up  to  lO.l^  and  a  passband  with  one 
constant  co-factor  up  to  1000  cycles. 

The  main  deficiency  is  comparative  equipnwit  complexity  (there  are  i*equired 
more  than  12  envelopes),  and  Impossibility  of  direct  fulfillment  of  operation  of 
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multiplication  with  aign-^ltematini;  co-factors,  since  during  converoion  of  input 
signals  into  voltage  of  carrier  frequencies  polarity  is  lost. 

The  latter  deficiency  can  be  eliminated,  if  we  use  a  special  modulator  circuit 
(L.  A.  Lukashevich  fl]),  which  permits  us  to  obtain  also  negative  values  of  the 
modulation  factor,  i.e.,  change  the  phase  of  the  voltage  of  the  carrier  frequency 
depending  upon  the  sign  of  modulating  voltage  ana  replace  in  the  circuit  of  Fig. 
IJJ  ordinary  rectifiers  with  phase-sensitive  ones. 

Fundamental  circuit  of  such  modulator  is  presented  in  Fig,  13A. 

Voltage  of  carrier  freuuency  £/<«•)  ie  fed  in  anti-phase  by  secondary  windings 
of  traj'jsformer  T  to  grids  of  a  triode  and  heptode,  which  work  oti  the  total  plate 
load.  Voltage  Uq  controls  steepness  of  characteristic  of  heptode. 

If  steepness  of  heptode  and  tricxie  is  identical  for  a  certain  value  Uq  =  IJq 
then  the  variable  output  component  will  equal  sero  and,  consequently,  m  ~  0.  With 
increase  of  voltage  Uq  steepness  of  heptode  increases,  and  output  voltage  receives 
phase,  determined  by  halfwinding  1  of  the  transformer.  Here  m  >  0.  When  U^  <  0^ 
the  phase  of  output  voltage  changes  180^  and  the  modulation  factor  becomes  m  <  0. 

A  multiplier  made  with  such  modulators  by  the  general  diagram  of  Fig.  133 » 
ensures  accuracy  of  0.3$  with  a  band  of  frequencies  up  to  10  kilocycles  for  both 
co-factors.  Frequency  of  carjriers  in  the  circuit  of  L,  A,  Lukashevich  was 
selected  f^^  =  1200  kc  and  £2  =  500  kilocycles. 


Fig.  134 •  Fundamental  circuit  of  phase- 
eeneitive  modulator. 


Ais  coffipared  with  tine-pulse  circuits  here  there  is  attained  a  significantly 
wider  passband,  although  there  is  lost  simplicity  of  realisation  of  several  dividers 
with  identically  changing  transnlssion  factor. 

Multipliers  with  combined  amplitude  and  frequency  modulation  of  signals  do  not 
have  advantages  as  compared  with  devices  with  double  amplitude  modulation  and 
therefore  are  not  considered  here. 

Description  and  detailed  analysis  of  these  devices  can  be  found  in  works  of 
K.  £.  Erglis  and  Itf.  A.  McCool  fl]. 

3.  Multipliers  Made  from  Quadratic 
Functional  Generators. 

Methods  of  constructing  multipliers  from  quadratic  functional  generators. 
Structure  of  multipler,  reproducing  expression  (8.1),  in  ;aany  respects  depends  on 
two  factors:  the  method  of  obtaining  sums  (Uj^  +  U^)  and  (Uj^  —  Uy)  and  peculiarities 
of  functional  generators,  utilized  for  obtaining  quadratic  dependence. 


Fig.  135.  Multiplier  with  quadratic  functional  generators. 

In  functional  t^enerators ,  made  on  the  basis  of  piecewise-linear  approximation 
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by  diode  elenents  (see  Ch.  V  and  VI),  and  also  vith  artificial  deformation  of 
nonlinear  characteristics  of  certain  semiconductors  (thyrite,  germanium),  quadratic 
dependence  of  current  of  nonlinear  element  on  input  voltage  is  reproduced  only  with 
one  sign  of  the  input  signal.  In  connection  with  this  in  such  multipliers  appears 
the  problem  singling  out  the  modulo  of  sums  (U^  +  Uy)  and  —  Uy), 

The  necessity  of  singling  out  the  modulo  of  these  sums  completely  drops  with  use 
of  a  quadratic  functional  generator,  in  principle  allowing  worK  with  both  signs 
of  input  signal.  Among  such  functional  generato“*s  in  first  place  are  devices 
based  on  use  of  electron- beam  tubes  with  an  inner  or  outer  screen  (see  Ch.  VII). 
Application  of  these  devices  brings  the  necessity  of  inverting  of  output  voltage 
of  one  of  the  quadratic  functional  generators. 

In  Fig.  133  is  brought  a  circuit  of  a  multiplier  based  on  diode  square-lav 
generators,  developed  in  industry  (see  I.  M.  Vittenberg  [2],  and  also  L.  N. 

Fitsner  fl]).  In  this  circuit  for  formation  of  the  required  sizms  there  are  used 
three  operational  amplifiers  1,  2,  and  3.  Amplifier  1  works  as  a  sign  inverter. 

For  formation  of  modulo  there  is  applied  an  ordiiiary  circuit  (see,  for  example, 

Fig.  83,  page  172),  in  which  as  gates  are  used  circuits  of  quadratic  functional 
generators,  working  only  in  one  quadrant.  Amplifiers  U  and  3  serve  to  change 
polarity  of  input  signal.  By  force  of  such  specifics  of  use  of  quadratic  functional 
generators  in  the  circuit  there  are  introduced  four  generators. 

The  upper  two  quadratic  generators  work  only  with  positive  input  voltage,  and 
the  lower— only  with  negative.  Their  output  currents  have  opposite  directions. 

This  is  attained  by  various  methods  of  coupling  diode  elmsents  (Fig.  133). 

Multipliers  of  electronic  analogs  must  give  the  possibility  of  establishing 
the  required  (positive  or  negative)  sign  of  output  voltage  independently  of  the 
sign  of  input  voltages.  In  the  coneldered  circuit  this  is  possible  to  execute 
by  a  switch  by  change  of  the  place  of  ccNrmecting  of  the  upper  and  Icwer  pair  of 
square-law  generatora.  Such  multipliere  equipped  the  electrcmic  analog  of  type 
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MN-2. 


Siaplificdt.loT'.  of  the  circuit  of  Fig.  135  can  be  conducted  by  change  of  the 
methods  of  sumation  to  Input  voltages  and  Bethods  of  singling  out  the  modulo  of 
SUBS.  In  the  functional  diagram  (M.  A.  Shnaydman  [2])  in  Fig.  136,  sunaation  of 
input  signals  is  carried  out  by  two  operational  amplifiers,  where  the  halfdifference 
of  and  is  obtained  here  by  addition  to  one  of  co- factors  (in  the  considered 
circuit  to  Uy)  the  half  sum  of  and  Uy  with  reverse  sign,  obtained  from  output 
of  operational  amplifier  1.  Singling  out  of  modulo  is  carried  out  by  coupling  in 
each  channel  of  square-law  generator  with  various  signs.  Dependlr.g  upon  polarity 
of  the  signal  in  the  channel  one  or  another  quadratic  functional  generator  works. 

So  that  output  current  of  upper  square-law  generators  always  has  a  positive  direction, 
and  the  lower — negative,  there  is  connected  an  additional  sign-inverting  amplifier 
3.  Switch  nn  serves  to  change  polarity  of  output  voltage.  Further  simplification 
of  circuit  (Fig.  137a)  can  be  is  attained  by  transition  to  sumuition  of  input 
signals  by  resistances  and  singling  out  of  the  modulo  of  these  svau  by  diode  gate 
circuits  (I.  M.  Vittenberg  [2],  L.  N.  Fitsner  flj).  Such  multipliers  are  applied 
in  the  latest  types  of  nonlinear  models  (type  MN-7). 


Fig.  136.  The  same  as  Fig.  135,  but  with  another  method  of 
formation  of  the  sum  and  singling  out  of  modulo. 


Analysis  of  these  variants  of  functional  circuits  shows  that  in  the  last 
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circuit  of  Fig.  137a  the  nuaber  of  operational  aaplifiers  can  be  reduced  to  two 
by  another  method  of  sunmation  of  input  ventages  of  Kig.  i3Vb.  This  variant 
requires  for  its  realization  a  minimum  of  elements  and,  apparently,  represents 
the  limit  of  simpl-fication  of  the  circuit,  which  can  be  achieved. 

All  circuits  in  Fig.  137  are  built  on  quadratic  functional  generators  with  diode 
elements,  which  differ  from  these  applied  in  diode  universal  generators  only  by  the 
fact  tha^  in  them  the  output  magnitude  is  current,  and  steepness  of  their  character¬ 
istic  is  established  not  by  a  voltage  divider,  but  by  selection  of  the  required 
value  for  given  and  R^. 

For  the  purpose  of  conserving  on  resistors  for  assignment  of  reference  voltage 
there  is  ussd  a  senes,  and  not  a  parallel  divider.  Circuits  of  square-law 
generators  with  positive  and  negative  output  currents  are  shown  in  Fig.  138. 

Error  of  these  multipliers  is  0.6~0.8t.  Passband  is  limited  to  the  passband 
of  the  operational  amplifier. 

Main  deficiency  of  these  circuits  (especially  the  two  latter  ones)  consists  in 

difficulties  of  calculation  and  adjustmmt  of  separate  square-law  generators.  This 

t/,  -f-  v.  -  t  'f 

is  caused  by  the  fac‘  chat  source  of  signal  — ^ — ~  and  - 2 —  has 

significant  internal  resistance  and  is  loaded  wit  i  variable  resistance  of  diode 
circuits,  depending  on  magnitude  of  voltages  applied  to  them.  Furthermore,  to 
guarantee  correct  susaaticn  it  ie  necessary  to  introduce  secondary  voltage  for 
compeneation  of  influence  of  reference  voltage  on  integrating  circuits.  To  decrease 
influences  of  resistance  of  diodes  of  the  gating  circuit  in  ccnducting  airection  it 
is  necessary  to  increase  resistance  of  series  divider  which  in  turn  requires 
transition  to  higher  ratinge  of  resietancee  in  the  remaining  circuit. 

Application  for  conetruction  of  equare-law  generators  for  sEultipliere  of  diode 
elements  with  potentially  grounded  diodes,  poeseseing  integrating  properties, 
allows  us  to  eliminate  above -indicated  deficiencies.  In  Fig.  139  is  brought 
functional  diagram  of  multiplier  with  potentially  grounded  diodes  of  the  analog 
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Q4L-5  (V.  V.  Gurov,  B.  Ya.  Kog«Ji,  A.  0.  Talantsev,  V.  A.  Trapeznikov  (Ij). 

Sumatlon  of  voltages  of  separate  co-factors  is  transferred  directly  to  diode 
elenents  of  square-law  gmerators. 

Functional  dlagrait,  shown  In  Fig.  140,  indicate  a  way  of  further  simplification 
of  multipliers  constructed  froai  square-law  generators,  possessing  integrating 
properties. 

Of  principal  interest  is  ths  method  of  singling  out  the  modulo  of  the  sum  and 
difference  of  input  magnitudes,  offered  in  the  work  of  A.  A.  Maslov  (1]  and 
depicted  in  Fig.  I40b. 

Oi  diode  elements  of  the  upper  square-law  generator  here  are  summarized  the 
following  quantities: 


lU  4-  t/ j)  ^ 

®  4  t/,  >  0 


\U.  ^  «/,I 


(8.33) 


On  diodes  of  the  lower  square-law  generator 


W 


t/,)- 


(8.34) 


Coefficient  in  the  first  coaponent  of  formula  (8.33)  i*  obtained  by 
summation  on  the  diode  element  of  voltages  and  Uy  with  weight  ;  second 

component,  included  in  braces,  is  obtained  by  switching  on  diode  ^  ,  wherein 
voltage  after  diode  31]^  is  simmMd  on  resistors  of  the  main  diode  element  with 
weight  2.  Second  component  in  expreeeion  (8.34)  is  obtained  by  application  of 
special  circuit  of  singling  out  the  least  of  the  two  voltages  Ujj  a.*id  Uy. 

As  is  known  from  theory  of  rectifying  circuits,  during  connsction  of  two 
rectifiers  by  like-sign  electrodes  and  feeding  of  remaining  electrodee  from  two 
independent  »oiur:ee  that  rectifier  will  pase  the  current,  on  whoee  plate  the 
potential  it  higher  and  on  the  cathode,  lower.  Therefore  during  eupplying  cathodes 
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<  — according  to 

r<*.  uo.  Nodincau*  or  . 

-ill  ^ 

,f  diod..  ---2  •«>  -3  «'"**•  »  ^  u..  1-t  0^».-  SO  th.t  U,. 

U..  r».-uu  or  por..  .  3. 

«ork«!  a.0  d<«-l«»  Pooxti 
rais«i  by  Toltaga  •  '  - 


Wh«n  tht  fonuition  of  aodulo  fo  «  dlffarance  with  a  plus  sign  is  indispensable 


expression  (8.34)  ie  replaced  by 

V 


(e.ji) 


J  '  - -  J 

Here  it  is  necessary  to  single  out  the  greater  of  th«  two  voltages  Ux  and 

Obviously,  for  that  it  is  sufficient  to  change  the  circuit  diagraa  of  diodes, 
coupling  diodes  by  cathodes,  and  change  the  sign  of  the  reference  voltage. 

tie  will  calculate  the  value  of  the  potential  at  point  a  when  U^>Uy>U  in 
the  circuit  of  separating  »in  (Uj^,  Uy).  Considering  equivalent  the  resistance  of 
the  diode  circuit  of  the  square-law  generator  Rh  and  resistance  of  diode  in 

corcucting  direction  ,  we  will  receive 


If  resistance  Rj|  is  saall  as  coapered  with  R^  and  R^,  then  it  is  possible  to 
consider  that 


(8.36) 


Thus,  the  circuit  will  work  siore  accurately,  the  less  the  value  of  Rj^ 

Frosi  this  point  of  view  for  such  circuits  it  is  eost  rational  to  use  seeii  conduct  or 
diodes. 

In  the  considered  circuits  of  Bultipliers  the  total  input  current  always  should 
be  equal  to 

/,  =  f’.  6',  1 

where  a  ie  the  proportionality  factor. 

For  an  output  integrating  operational  asiplifier  this  equality  is  correct: 

whence 

i  t',;’-  it',  -  it  ,  (8.38) 

So  that  when  U*  '  -  iuO  v  we  receive  ^  lOO  v,  coefficient  a  on  the  basis 
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of  (8.38)  should  be 


•“ 

Multipliers  of  this  type  may  also  be  used  to  exectue  dividing  operations 

according  to  the  dlagraa  brought  earlier  In  Fig.  119b.  With  this  ala  the  laultlpller 

is  ccnnected  in  a  feedback  circuit  of  an  integrating  aaplifler  (V.  V.  Gurov,  B.  Ya. 

Kogan,  A.  0.  Talantsev,  V.  A.  Trapetnikcv  [1]). 

Input  voltages  of  the  sailtlplier  near  will  be  U  and  U  ,  where  U  is  reaoved  froa 

^  %  I 

the  output  terminal  of  the  integrating  amplifier.  To  the  integrating  aaplifler 
through  resistor  Is  fed  voltage  representing  the  dividend.  As  before,  for 

the  integrating  aaplifler  the  relationship  Iv  I.  is  correct  and,  since 


then 


n  - 


(8.39) 


Voltage  Uy  changes  the  conductance  of  feedback  circuit  so  that  with  growth 
of  Uy  conductvtce  increases  and  output  signal  decreases.  With  a  low  conductance 
becomes  minute  and  Integrating  aaplifler  approaches  even  with  a  adnute  signal  Ux 
saturation  (  reproduction  of  ®  ’  ).  IXiring  change  of  sign  of  voltage  it  is 
necessary  for  observance  of  conditions  of  static  stability  (presence  of  n^atlve 
feedback)  to  change  the  sign  of  the  current  chwiracterlstlc  of  the  multiplier. 
Coefficient  due  to  selection  of  usually  Is  selected  equal  to  1C. 

Krror  of  fulfillment  of  operation  of  division  does  not  exceed  1.5-23t. 

Transition  from  a  aultlpllcitlon  circuit  to  a  division  'rlrcuit  usually  is 
carried  out  by  means  of  simple  cemautation  by  a  toggle  switch. 

Peculiarities  of  calculation  and  construction  of  quadratic  elements  of  aultl- 
pllere.  Calculation  of  square-law  generators,  made  from  diode  elements  with  loeo 
resistor  (see  diagram  of  Fig.  138.)  presents  great  difficulties. 

We  will  sho>f,  how  one  calculates  a  circuit  when  using  diode  elements  with 
potentially  grounded  diodes. 
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Current  characterietice  of  separate  square-law  i^enerators  on  the  basis  of 


(8.37)  will  be:  /,  ^  aji;, -f 

I 


Steepness  of  current  characteristics  will  be 

MaxiMun  voltage  of  the  arguaent  will  be 


Allowing  an  error  of  approximation  •  -  0.25  v  and  deccaapossing  in  such  a 
manner  that  the  first  segment  of  the  straight  line  originates  from  the  origin  of 
cooi'dinates,  and  points  of  switching  lie  on  the  ideal  curve,  we  will  receive  directly 
from  Fig.  141  all  data  necessary  for  calculation.  Indeed,  shaded  area  F  expresses 
error  in  reporduction  of  current  characteristic,  and  therefore 

‘  .  (e.aO) 


Fig.  141.  Calculation  of  square-law 
generators  of  multipliers. 


On  the  other  hand,  from  expression  for  steepness  of  current  characteristics  it 
follows: 


(8.41) 
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Proa  expreaaions  (8.40)  and  (6.41)  we  find: 


(8.42) 


When  *  “  t  =  0,25v  we  viii  receive  ~  iiy^ 

FroB  Fig.  14J  it  follows  that  decoiapositiofi  of  argtssent  will  be  unifom: 


whence  the  number  n  of  sections  of  decomposition  is 

n  =  10, 

Increase  of  conductance  for  first  diode  element  will  constitute 

4K.  =  0.05-^  =  ,L. 

For  subsequent  diode  elements  all  increases  turn  out  to  be  Identical  and  equal 
AFj«=iF,=  ...  =AK„  =  2iF,  =  0.l 

Thus,  Isnediately  are  determined  talues  of  all  equiralent  resistances: 

«u  =  20/?«. 

/?«,  ==  A?j,,  ...  =  ^10,  — 


By  resulting  values  of 


^ni 

we 

find: 

== 

Rx. 

Jf»  . 

*WI  f 

™  00, 

li 

Rr. 

«oa 

^lOR^ 

r,= 

R^» 

=  \0R^ 

5««. 

300  p 

=  3.75/?, 

» 

20 


300  „ 


fj  ~  Rac  —  2.5/?^, 
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Using  th«or«B  of  squlvslmt  generator,  ve  detemine  by  fotmd  values  of 
equivalent  resistances  of  resistance  arel  R^^  in  each  i-th  integrating 

diode  eloRsent. 

Thus,  for  ecxaaiple,  for  upper  square-law  generator  of  the  circuit  of  Fig.  140b, 
we  obtain 


Proas  this  expression  it  follows  that 


whence 


Fursdaaental  circuit  of  diode  square-law  generator  is  shown  in  Fig,  142. 


Fig.  142.  Circuit  of  square-law  generator  of 
Bultlplier  ssade  by  the  circuit  of  Fig.  I40b. 


Application  of  diode  square-law  generators,  based  on  piecewise-linear  approxi¬ 
mation,  in  considered  aultipliers  along  with  xerits  (wide  passband  and  sufficiently 
high  accuracy  has  also  a  nuaber  of  deficiencies.  Aau?ng  them  one  be 

mentioned  the  necessity  of  expenditure  of  power  on  heating  diodes  and  stabilisation 
of  reference-voltage  source,  stepnature  of  reproduction  steepnees  of  characteristic 
and  limited  period  of  service. 

Multipliers,  based  on  application  of  square-law  generators,  using  natural 
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quftdratic  nonlioMr  i>98ist«neM»  in  principl*  thoulci  b«  fre«  Srm  th«t«  d«fici«nclM. 
Hotrarar  till  new  wide  epplicetion  of  such  aultipUere  has  been  liadted  by  unetebillty 
of  neturel  nonlineer  charecterietice  end  ineccnrecy  of  epproociaetion  of  their 
characteristics  to  quadratic  ones.  In  connection  with  this  such  devicee  on  the 
«diole  possessed  a  low  operating  accuracy.  As  an  example  there  is  the  multiplier 
for  a  correlator  (1.  N.  Holmes,  M.  A.  Dukes  [l],  K.  W.  Goff  [1]),  in  which  as 
quadratic  nonlinear  characteristic  is  used  dependence  of  plate  current  of  pentode 
on  eoltage  of  its  grid,  approximated  by  expression 

(8.43) 

Error  or  such  a  multiplier  is  lot  less  than  BlL, 

In  recent  years  considerable  attention  was  allotted  to  use  for  quadratic 
elements  of  certain  carborundum  resistors  (thyrite,  viUaxte),  possessing  stable 
volt-aapere  characteristics  (A.  A.  Maslor  [1],  N.  A*  Rosenblat  and  0.  A.  Sedykh  [1], 
L.  D.  Kovach  and  W.  Comley  [1],  G.  N.  Balasanov  [1],  V.  L.  Benin  Tl],  L,  N. 

Fitsner  [2]). 

In  Fig.  I43a  is  brought  a  typical  volt-ampere  characteristic  of  carborundum 
(thyrlte)  disk  50  me  in  diameter  and  10  m  in  hei^t.  This  characteristic  differs 
from  a  quadratic  one  and  usually  is  approxlamted  (n.  A.  Rosenblat  and  0.  A.  Sedykh 
[1])  by  expressions: 

/  Tsa  a  t  b  C 

or  ’ 

tdiere  aj^,  b^,  c^  and  k,  n  are  constants,  determined  from  experimentally  received 
characteristics. 

In  order  to  obtain  a  nonlinear  dependence,  close  to  a  quadratic  one,  by  the 
natural  characteristic  of  thyrdte,  the  latter  ^o«dd  be  deformed,  constituting 
an  electric  circuit,  which  is  a  comblnatlcn  of  linear  reeistancM  and  the 
resistance  of  thyrlte. 


(8.44) 
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Circuit  dlagrus  of  thyrite,  &ppll«d  at  prosont,  are  presented  in  Fig.  143b. 

Coupling  in  a  aeriee  resistor  (L.  D.  Korach  and  W.  Coailey  fl])  as  It  were 
stretches  and  straightens  the  volt-anpere  characteristic  of  tyrite,  at  the  sane 
tine  reducing  its  working  section  in  the  same  lljaits  of  change  of  input  signal. 

Coupling  in  a  parallel  resistor  (A.  A.  Haslov  flj,  L.  N.  Fitsner  f2])  cause 
turn  of  the  characteristic  a  certain  angle  to  the  left  or  to  the  right  depending 
upon  sign  of  conductance  of  parallel  circuit.  Therefore  in  general  in  parallel 
circuit  there  should  be  a  sign-inverter. 

Application  of  two  adjusting  resistors  and  R2  allows  us  more  accurately  to 
move  the  characteristic  of  thyrite  to  the  given  characteristic,  not  complicating 
here  considerably  calculation  of  the  circuit. 


Fig.  143.  Volt-ampore  characteristic  of  thyrite  and 
circuit  diagram.  1 — Idaal  quadratic  current  character¬ 
istic;  II — current  charactertstic  of  thyrite;  Ill- 
current  characteristic  of  thyrite  with  series 
connected  resistor. 

XR:  (a)  Thyrite. 
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0«t«niliUition  of  roquirod  vmluM  of  x*Mletor«  Ri  at  I  R2  in  prlneipl*  cmn  b« 
don*  anAljtlcAlly  (V.  L.  Bonin  [1]),  uslnf  ono  or  ar.othor  onAlTtle  oxprMolon  for 
volt-ABporo  chAroctoristlc  of  thorite  And  plAclng  tbt*  eondtion  of  Mini—  IntofrAl 
quAdrAtlc  error.  Hovorer  this  does  not  loAd  to  •oq.'HWAicns  in  clooed  fori  And  An 
Anowor  con  b«  obtAinod  onlj  fay  Mthod  of  luecMoiTi  ApproxinAtionA. 

Moro  expedient  turned  out  to  be  the  nethod,  ccnaletijm  of  the  feet  thet  the 
chATActerletlc  of  thyrite  le  epproxlMAted  by  Aft  expr«eelon«  detendrlng  the  Ideel 
chArecterlstlc  which  thyrlte  ought  to  hA^e  In  the  coneldered  circuit  eo  thet  the 
circuit  AO  A  whole  hod  a  quedrAtlc  currmit  ctiArecterletlc. 

For  A  clrcdt  with  pArellel  connection  of  reeietencee  It  tume  out  thAt  IdeAl 
current  cherActerletic  of  thyrlte,  detumined  through  perAMtere  of  circuit, 
should  hAve  fom 


(8.45) 


where  k  ~  ^ ,  »>-the  ecele  fector  of  ideal  quAdretic  current  chArecter- 

■  I 

iitlc  cf  circuit,  g^  -^  ^  — ULneer 

conduetAneee  of  circuit,  — ToltAge  on  thyrlte 

resist er. 

Teking  for  approxinAtion  of  ▼olt'-enpere  chArecterlstlc  of  reel  thyrlte  the  fom 
of  relAtlcnshlp  (8.45),  we  obteln 


/,  —  s  —  V** -  (8.46) 

Fron  ccagserleon  of  ejqnreeslons  (8.45)  end  (8.46)  ensue  relAtlonships,  connecting 
peranetere  cf  circuit  with  pereneters  of  thyrlte: 


I  I 

fi  “  *  ‘ 
«  * 
*»*i5srn>7 
«• 

•“T 


(8.47) 


Coefficients  a,  b  And  c  Are  detemined  by  coordlnAtes  of  three  points  of 
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experlMntally  r«c«lv«l  charteiarlstle  of  thyrito  (#„,  (r-,, 

.  ron  •xproMiona :  _ _ 

• 

* - T(ir./,r-»,.'n>  — • 

j  ^  <*»«)— </.i-i 

Values  of  a  ,  0  and  Y  are  found  froa  expreaslone: 

<  =*  -  ^l)  “  ~  ^,)  +  (^u  ~  ''..'I 

^  ^  ~  ^f|)  “■  ~  ^ti)  "f" 

T  ~  Al)  “■  "7"  ~ 

These  foreulas*  alloir  us  to  calculate  parsMtere  of  circtiit  of  square-law 
generator  so  that  its  characteristic  will  coincide  with  the  given  one  at  three 
points.  So  that  at  reaaining  points  we  receive  the  beat  approxiaatlon  of  character¬ 
istic  of  circuit  to  the  given,  selectlcn  of  points  on  experiaental  volt-aapere 
characteristic  of  thyrlte  for  finding  parsastere  a,  b  and  c  one  should  execute 
graphically  by  the  polygon  of  P.  L.  Chebyahsv  (P.  Te.  Pobrlnskly  [1]). 

Since  at  the  basis  of  analytic  deteiednstion  of  values  of  linear  conductances 
of  circuit  *nd  axpsrlaontally  received  values  of  coordi¬ 

nates  of  three  points  on  volt-aapere  characteristic  of  thyrlte  and  since  the 
variance  of  eharacterlsltcs  of  thyrlte  f«*0Bi  saople  to  saaple  Is  very  greet,  then 
the  exprelsMntal  eethod  of  detemlnatlan  of  theee  conductaneee  aleo  Merits  attention. 
Essence  of  Method  le  eaelly  perceived  froai  Pig.  114.  To  Input  of  Integiatlng 
amplifier  2  are  connected  two  input  circuits.  On#  circuit  Is  coapostd  of  a 
standard  square- law  generator  and  sign-inverting  seals  unit  1  the  other  circuit  will 
be  fonMd  froM  tested  thyrlte  with  series  connected  resistor  and  reslstc'* 

connected  to  a  soures  of  reverse  polarity.  In  ease  of  eoi^dete  coincidence  of 
characteristics  of  Ideal  square-Uw  generator  and  circuit  with  thyrlta  the  sun  of 

•Derivation  of  that#  foMulaa  and  develoiMnt  of  ■sthoda  of  calculation  belong 
to  A.  A.  Maslov  [1]. 
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current*  /,-f/2~0for  *11  vmluM  of  Input  eoltef*  1.  Coincidioc*  of  current*  1* 
fixed  by  *  s*ro  rending  of  *  Toltaeter,  eonneeted  to  output  of  adder.  In  practice 
aelection  of  th*  realatanca  ia  conducted  taking  into  account  glean  allowancea  fo** 
noncoincidence  of  current  characteriatlca.  Selecting  on  the  baaia  of  calculation 
te;.tatlvely  reaiator  then  by  change  of  acale  ■  by  aetting  of  the  tranaaiaaion 
factor  of  anplifier  1  ve  aeek  atrai^tenlng  of  th*  characteriatlc  of  error  (ae* 
cure*  in  Pig.  144b).  After  that  by  coupling  R2  «*  introduce  error  within 

the  given  allowance. 


Fig.  144.  Method  of  experlaantal  deteralnatlon  of  paraaeter*  of  circuit  diagran  of 
thyrlte  for  aqtiare-lair  generator*.  l->acal*  wit;  2»integratiag  aaplifier;  3-- 
atandard  aquare-law  generator.  I>-ideal  quadratic  current  ch4raeteriatic;  II— 
current  characteriatie  of  ihyrlt*;  III — current  oherecterieVio  of  thyrlte  with 
eerie*  connected  reeletanee. 

KIT:  (a)  Thyrlte;  (b)  ferniaalbla. 
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Circuits  of  ■ultlpllers  asds  frai  thyrite  squsre-Isw  generators  (L.  N.  Fitsner 
f2],  A.  A.  Maslov  fl])  are  shown  in  Figs.  145  and  146.  ^"he  circuit  shown  in  Fig. 
146  is  mitstanding  in  its  ainisnss  nuaber  of  operational  anpllfiers  (two)  and  gAves 
at  low  current  levels  great  accuracy  of  approxiaation  of  characteristic  of  circuit 
with  thyrlte  to  a  quadratic  one.  Switch  1111  serves  to  change  polarity  of  output 
signal,  and  switch  HP  — for  selection  of  operating  regiae  (division  or  multipii 
catiOTi).  In  both  circuits  suasution  is  carried  out  directly  on  thyrite  resistor: . 


Fig.  146.  Modification  of  circuit  of  aultiplier  with 
thjrltee. 

KET:  (a)  Multiply;  (b)  Divide;  (c)  OCTs  21,  etc;  (d) 

Thyrite;  (c)  Themistor. 

For  ''oegjensatisn  of  error,  caused  by  dependence  of  reeUtance  of  thyrite  on  teaper- 

ature,  there  are  used  theraistors  with  negative  teaperature  coefficient.  Resistors 

R9.  (Fig.  145)  snd  (Fig.  146)  serve  for  equslising  trsnsaission  factor  of 
lowsr  square-law  generator.  Circuits  of  Fig.  145  snd  Fig.  146  differ  In 
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Mthods  of  BingXing  out  th«  aodulo  And  Mthod  of  ApproaciaAtlon  of  chcrActtrlAtic 
of  thyrlt*  to  th«  quAdrAtic.  In  th«  first  thsrs  ars  ussd  for  slnglinc  out  ths 
■lOdulo  cGHButAtlnf  circuits;  in  the  sscood— ths  asthodifprsssntsd  on  psfss  263  and  270, 
in  rsfsrsnce  to  a  nultipllsr  vith  diod.s  squars-lai^  gsnsrators.  Ckns  dsflcicnc/ 
of  ths  latter  cirndt  as  conparsd  with  a  circuit  with  three  opsrational  aapiifiers 
is  increase  of  requiresMnts  for  lowerlnf  phase  distortions,  introduced  bj  inyerting 
aaplifier  1. 

Error  of  work  of  such  aultipliers  does  not  exceed  1%,  and  passband  is  100  c. 


4.  Multipliers  Based  on  Combining  the 
Considered  Principles 

Multipliers  of  this  type  reproduce  relationship  (8.1)  without  use  of  special 


quadratic  functional  generators. 


Fig,  147.  Circuit  of 
■ultipller.  based  on 
obtaining  the  nean  yalue 
of  rectified  e\ai  and 
difference  of  two  a-e 
roltagM. 


In  Fig.  K.?  is  brought  fundasMntal 
circuit  (offered  b^  I.  S.  Bmk,  see  N.  N. 
LanoT  Cl]}  of  a  ■ultipler,  in  shieh  repro¬ 
duction  of  shown  relationship  is  based  on 
obtaining  neen  yalue  of  rectified  mm  of 
two  alternating  Toltagee,  shifted  90''.  To 
input  of  derice  are  fed  roltagee 
end  U,  —  nodulated  b7  freqptency  w  , 
and  the  roltage  of  carrier  frequeoc/  E  (  w  }, 
shifted  with  reepect  to  roltages  (U^  ■*  U^) 
and  (U^  — '  up  90*’.  Diodes  and  Zq 
serre  as  halfWare  rectifiers,  proridlag 


sinultaneous  correct  operation  of  the  deriee  with  sign>ait  ematiag  input  aigiials. 


Mean  ralue  of  rectified  roltages  Um,  can  be  found  fron 


expressions: 

(8.4«) 
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which  with  Ottfficiently  l*rgc  E  can  api&roxijutel^  b«  presented  in  the  fonn; 


£ 


— 

K 


(8.49) 


Dlflerence  of  pot<mtisls  between  points  a  and  b  of  circuit  will  be 


(8.50) 


PI4.  U*B.  Circuit  of  Bultlpdier  in  which  for  obtaij^ing 
quadratic  dtpendencee  there  is  used  the  theoren  of  the 
area  of  similar  triangles. 

In  the  Muliplier  (1.  S.  Bmk  [2])  presented  in  fig,  LC8  for  squaring  there  is 
used  tne  theorem  known  frcm  elwentary  geometry  that  the  area  of  similar  triaxigles 
vary  as  the  squares  of  their  altitudes,  for  ccnvereicn  of  voltage  of  input  signals 
intc  pulsee  of  triangular  form  with  altitude,  proportiotv*!  t'y  the  resultant  input 
signal  Uj  or  U^,  to  the  input  of  each  branch  is  fad  additionally  a 

saw-toothed  voltage.  Voltages  at  points  a  and  b  of  the  circuit  will  differ  frcm 
tero  when  , f- , t’,  »  1 1/,, |  and  >\U^\  and  diodes 

and  are  locked.  Here  voltages  at  points  a  and  b  will  change  as  shown  in  fig. 
148,  representing  triangular  pulses  with  altltvaie  ^  U^}  and  (U^  »  Uy). 

Areas  of  these  pulses  are 


S,  5,  =  ~ 


(8.51) 
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irh«r« 


NMH  Vilu«  of  output  YClt4(|«  It 

^ !(«/,  -  l’,f  -W.  +  (;,)>|  =  A-  f.  If,.  (8. 52) 

For  corrtct  optrttlon  of  th*  dtric*  it  it  nocttttry  thtt  t/,  4-t/,  |».,  !. 

tnd  tht  frtquencjr  of  irtpttition  of  ttw-toothad  otcillttione  wtt,  tt  Itttt,  two 
ordtrt  hi^.tr  than  tht  frtqvtncy  of  change  of  input  tignalt.  It  it  natural  that 
accuracy  of  operation  of  the  auXtiplier  directly  dependt  on  linearity  and  ttability 
of  voltage  of  generator  of  aaw-toothed  voltaget. 


Fig.  LU9.  One  variant  of  realisation  of  circuit  of  Fig, 
148,  1—iubtrac tor-1;  2— filter. 


On  thit  principle  there  vat  built  a  uoltiplier  (R.  L.  Millt  (!])  uting  cyclic 
connection  of  rectifiere  for  tingling  out  triangular  pultee  of  required  polarity 
(Fig.  149).  Potential  diagrae  of  vdtaget,  applied  in  eectiont  a  and  b  of  the 
annular  circuit  vhen  (U^  ^  Uj)  >  0  and  (Uj^  —  U^)  >  0,  it  thovn  in  the  atae 
figure. 

Froa  analytia  of  the  circuit  it  folloere  that  aean  value  of  output  voltage  of  the 
subtractor  for  the  period  of  change  of  will  be 

1/  n  d|  (5|  5.) - (8.53) 

Since  triangles  with  areas  -r  S^  are  aiadlar,  then : 

g,  - 1  t/,  ^  (//.  5, 4-  5, (t;,  ~  f,)  p. 

where  k 
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After  substituting  these  r&lvss  1"  (8.53)  we  will  received  fln&lly: 

t'..,  =  in'. + ".I*- -  ‘'.*’1  -J- 1-' (a.  J4) 


Fig.  150.  Second  variant  of  aultiplier  on  the 
circuit  of  Fig.  148.  1—generator  of  saw-toothed 
voltage,  J  — adderi  2 — subtracter;  3— ^unit  for 

change  of  sign. 

An  interesting  Bodification  of  SMthod  of  physical  realisation  of  considered 
principle  of  construction  of  sultipliere  (K.  H.  Norsworthy  [1])  is  illustrated 
by  skeleton  diagraa  of  Fig.  150.  Instead  of  an  annular  circuit  diagram  of  rectifiers 
here  are  used  two  identical  coosutating  circuits.  In  each  circxiit  the  cathode  of 
one  diode  is  supported  by  a  positive  voltage,  while  plates  of  other  diodes  are 
connected  through  reelstancee  to  the  grmuvl.  Amplitude  of  saw-toothed  voltage 
is  eelected  equal  to  magnitude  of  reference  voltage  Potential 

diagrams  of  voltage  at  points  value  of  voltage  at 

these  points  are: 

«*»sn  1/,)>0 

-f  ^  4 
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Elf.  151.  FundMwntal  circuit  of  ■ultiplior 
fulfill ti  according  to  Fig.  150.  1 — saw¬ 
toothed  gsnsratori  2— unit  of  change  of  sign; 


-rsfsrsnes-Toltsgs  source;  F 
Ri.  “  R5  ■  R^  *  koa,  Ry  • 

10  •  ^11  *  *12  “  ^  *13 

=  Ru  -  820  1^.  ^ 

(a)‘^tlet. 


*'4  ~  *^5 

*9  •  *10  ' 

"  *15  •  * 
icsrt^  (a) 


*u- 


-287- 


vhtn 


aij«'',  ‘  t//; 

when 

U,~U,>ii 

WfXp  =  '••  ~ 

••oti 

{Uq,\,^0: 

when 

(/,-  t/,  <0 

<‘'0.'.,= 


Moan  value  of  output  volt  ige  of  subtracter  here  is  dotemiiied  by  sum 


—  \^^p,)tp  +  Ot^cpl  —  'cp  +  (^/>,'cpl- 

With  any  combinations  of  signs  of  input  signals  this  expression  leads  to 
relationship 


(8.55) 


Fundamental  circuit  of  such  a  multiplier  is  shown  in  Fig.  151* 

As  source  of  saw-toothed  voltage  there  is  used  a  special  generator,  made  from 
three  envelopes,  providing  a  frequency  of  output  voltage  from  1  to  2  kilocycles. 

Ref erence -voltage  source  in  the  circuit  should  have  lew  internal  resistance. 
Error  of  device  constitutes  li(.  Maximm  frequency  of  input  signal  50  c. 
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CHAPTER  IX 


PRIMCIPUCS  (F  CONSTRUCnCN  OP  D-C  ELSCTROtlC 
ANALOG  COKPITTERS 

1,  CoDoeltioo  of  Ccmutlnn  ElMents.  Mathodt  of  Th«lr  Arrangemontfc 
InotaJLUcian  ond  latorconnoctlon  for  Solvinit  a  Probli. 

Conposition  of  conpotiiic  oloMnta  of  an  oloetroiiic  analog  la  detarainad 
aaalgnaant  of  co^jatu*.  Wa  dlatinguiah  gaiaral-purpoaa  and  apaelaliaad  daaicaa. 
Ganaral-purpoae  coaputara  hava  aa  thair  aaln  aaaignaant  aolutlon  of  ordlnaiy 
Unaar  and  nonlinaar  dlffarantial  aquatloaa,  occurring  during  inTaatigation  of 
dTnaaiea  of  rarioua  tachnioal  davicaa.  Spacialiaad  eoaputara  ara  iniandad  for 
invaatigation  of  only  ana  dafinita  cXaaa  of  thaaa  davioao  and  tharafora  auat 
provida  raaolution  of  diffarvitial  aquaticna  of  flaad  atn»tura.  Aa  an  anapla 
thara  can  aarra  varioua  link  trainara  (aaa  G.  B.  Ringhan  rnd  A.  E.  Guitar  Cl]), 
inatallation  of  tjrpa  "Typhoon'**)  and  "Tridaa,  ****  adaptad  corraapondingly  for 
inatruetion  of  flying  ataff  and  aolution  of  problwa  of  dynaniea  of  guidad  niaailaa. 

In  apaeialisad  davicaa  dapanding  upon  thair  aaaignMnt  thara  can  ba  proridad 
coaplataly  dafinita  eoapoaition  of  ccnputing  al««ita. 

«Naw  conputar  aida  air  dafmaa  (Projact  Typhoon)*  ^laetroniea*  1951*  Vol.  24* 

No.  2,  paga  132.  (Por  abort  charactariatic  and  pdioto  of  gwiaral  appaaranca  aaa 
appendix  II*  paga  1|66. 

•*Thraa-diaanaional  analogua  ecB4)utar,  Enginaar*  1954*  Oct.  15*  Vol.  198*  No. 
5151*  paga  532.  (Por  ahort  charactariatic  and  photo  aaa  appMlix  II*  paga  Ii66. 
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In  g*n«r&lopurpos«  devlc«8  it  is  iapossibls  in  principle  to  Unit  composition 

i 

of  computing  elenents  since  beforehand  it  is  unknown  what  probleeis  will  be  posed  j 
for  solution.  | 

I 

tintil  now  in  world  practice  during  construction  of  general-purpose  analog  I 

computers  they  either  went  the  way  of  limitation  of  the  order  of  differential  ' 

equations,  solved  by  the  computer  (so-called  stand  installation):  IPT-4f  EDA  | 

(I.  5.  Bruk,  N.  N.  Lenov  [1]),  MPT-9,  MN-2,  W-7,  KMU-1,  EMJ-2,  EMU-3,  EMU-5*,  or 
^he  way  of  fulfillnent  of  the  coiqputer  in  the  form  of  separate  identical  units, 
assembled  in  needed  quantities  and  types  each  tine  before  beginning  work  (computers 
IPT-5,  MPT- 11,  installation  computer  of  the  Philbrick  firm)*.  In  first  case  most 
installatlorr  are  United  to  solution  of  linear  differential  equations  up  to  the 
6th  order  inclusively  (IPT-4,  EMU-3,  0ME-I2,  installation  of  Short  firm  REAC, 

MN-2).  For  solutiOT  of  nonlinear  problems  to  then  there  was  added  or  in  their  com¬ 
position  there  was  provided  a  definite  quantity  auvl  assortment  of  nonUnear  blocks. 

Solution  of  problems,  beyond  the  capablUties  of  one  installation,  was  carried 
out  by  means  of  connection  of  several  monotypie  one  (see,  for  exasple,  NPT-9,  NN-7, 
EMU-5,  KMU-6,  0ME-L2). 

During  designing  of  such  installations  rational  selection  of  TvOlationship 
between  number  of  linear  and  ncnlinear  competing  elements  presents  gi'eat  difficulties 

and  has  not  yet  foivid  positive  solution.  Apparently,  solution  of  this  question 
can  be  found  in  designing  simulators  of  block  type.  However  in  distinction  from 
existing  analogs  of  block  type  (IPT-5,  NPT-U,  the  Philbrick  firm)  dimension  of 
block  should  be  Increased  so  that  with  its  help  it  was  possible  to  reproduce 
equation  of  motion  of  system  with  <me  degree  of  freedom.  Furthermore,  separate 
blocks  do  not  have  to  be  connected  by  coomon  potmr  suppUes  and  a  comton  setting 
field,  as  takes  place  in  the  Installations  sMinticmed  above. 

It  is  useful  to  equip  linear  cosqmting  elements  with  nonUneai*  feedback  circuits 

to  execute  ncMilinear  operations.  Such  e<m8truction  of  installation  will  aUow  us 
with  the  least  nuidMr  of  standard  sises  of  blocks  to  satisfy  various  requiresients, 

♦Short  technical  characterisation  and  general  appearance  of  eniwrated  install¬ 
ations  are  brought  in  Appendix  II. 

-290- 


* 


not  fixing  rigidly  th«  gm»nl  composition  of  eoBpiiting  tlsMnts  of  aodsl*  furthsr> 
■ors,  oTsry  soporats  block  can  also  haTs  idspsndsnt  application  (solution  of 
diffsrsntial  aquations  of  the  second  oMer,  picicup  of  •Inusoicaj.  oxciilaticns, 
InstruMnt  for  neasurnsent  of  resistance,  etc.)* 

Electronic  analog  ElflJ-6  (see  Appendix  II)  can  serve  as  an  illustration  of  a 
first  attoapt  at  constructive  Mbodiaent  of  these  ideas.  Use  in  this  installation 
of  operational  aaplifiers,  not  requiring  stabiJised  feed,  and  sasdconductor 
elsMnts  (germaniuB  diodes  and  thyrite  reslstorsj)  in  autny  respects  prosKjted 
successful  solution  of  the  problesM  posed. 

Linear  and  nonlinear  coaiputing  elenents  considered  in  ^receding  chapters 
constitute  the  basis  of  both  general-purpose  and  specialised  installations.  To 
these  coBputlng  elenents,  executing  operations  of  siaastion,  integration,  differarit- 
iation,  amltiplication,  division,  reproduction  of  given  functional  dependences,  there 
usually  are  added  devices  for  reproduction  of  typical  nonlinear  characteristics  of 
CAP  (Autonatic  Control  Systesn),  for  introduction  of  constant  delay,  factors 
variable  in  tijse,  randon  disturbances,  and  also  converting  devices  for  connection 
with  tested  equifSMnt. 

All  these  additional  devices  are  considered  beloir  during  analysis  of  siaulation 
of  separate  types  of  CAP. 

In  certain  sinulators  (see  T.  M.  Sokolov  [1],  L.  V.  Polonskaya  [1],  M.  Klsaka 
Cl],  J.  T.  Carleton  [1],  I.  Obradovlch  ilj)  designated  for  study  of  CAP,  at  present 
along  with  operational  anpliflers  they  still  furovide  passive  electric  circuits  for 
reproduction  of  transfer  functions  of  separate  dynsnic  sections  of  the  systoi 
(inertial  link,  link  of  the  second  order,  etc.).  If  6-10  years  ago  such  a  solution 
could  be  Justified  by  absence  of  wall* developed  operational  aaplifiers,  then  at 
present  it  can  be  considered  econoaioally  rational  only  for  narrowly  spsciallted 


devices. 


By  Mthod  of  Arran^caent  of  soparate  liitear  coaputing  elanenta  in  the  instal¬ 
lation  w%  difftin^uish  aatrix  and  structural  aodels.  In  nuitrix  models  separate 
computing  alsBsnts  are  united  baforahand  in  groups,  each  of  which  is  Intended  for 
solution  of  a  flrst>ordar  differential  equation  (see,  for  example,  ELl-6,  ELl-14, 
IPT-4,  0ME-L2). 

Set-up  here  consists  in  setting  coefficients  for  the  variables,  introduction  of 
signals  corresponding  to  right  side,  and  interconnection  of  such  separate  groups. 

Structural  aodels  differ  by  the  fact  that  in  them  all  computing  blocks  are  free 
and  are  coupled  by  the  operator  in  an  order,  determined  by  the  system  of  differential 
equations  to  be  solved  coupling  of  computing  elements  can  be  carried  out  on  an 
'operating  flald,  formed  by  face  panels  of  operational  amplifiers  (see,  for  example, 
computers  Q(U-3,  of  the  Boeing  firm,  1P7-5,  EDA)  by  flexible  cords  with  plugs  or 
by  a  special  setting-up  field,  where  leads  frcm  all  inputs  and  outputs  of  operational 
amplifiers,  their  integrating  points,  units  of  input  impedances,  potentiometers, 
nonlinear  computing  elements  and  other  additional  equipment,  added  to  the  computer 
are  assembled  (see  EMU-4,  0(U-5  MPT-ll,  MN-7,  REAC-4OO).  Matrix  models  facilitate 
operation  of  computer,  since  they  require  a  minimum  number  of  switching  operations 
during  set-up  of  a  problem.  However  as  ccrpared  with  structural  models  they 
require  approximately  twice  as  many  operational  amplifiers  (see  for  more  detail 
Ch.  X).  Plirthcraore,  during  solution  af  nonlinear  problems  we  can  not  sustain 
completely  the  matrix  principle  of  connection  of  blocks  (sea,  for  example,  ELJ-6 
whose  linear  part  is  aaaembled  by  matrix  principle,  but  the  nonlinear  part — by 
structural  principle).  In  connection  with  this  most  simulators  are  constructed 
at  present  bj  the  structural  principle. 

Connection  of  separate  computing  elements  by  flexible  wires  with  plusgs  has 
the  advantage  that  connecting  wires  between  seperate  computing  blocks,  and  especially 
important,  between  their  integrating  points  and  input  impedances  c/un  be  made  very 
short.  During  aet-up  of  t.he  problem  on  aeparete  setting  field  these  connecting 
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wlrM,  other  conditions  being  equal,  are  slgnifleantly  longer,  which  leads  to 
Increase  of  spurious  capacitance  between  the  integrating  and  cooeon  point  of  the 
anplifiers  and  iapalment  of  their  frequency  responses.  Howewer,  during  solution 
of  complicated  problees  the  large  nvBid>er  of  wires,  enseahing  the  front  panel  of 
the  siaulator,  leads  to  loss  of  graphicness  and  to  subjective  errors  of  the  operator. 
Presence  of  a  plug-in  setting  field  (see  coaiputors  of  the  Reeves  fira,  SEA  fins, 

NN-14  and  EXU-IO)  allows  us  to  conduct  preparation  of  problem  beforehand  and 
thereby  considerably  to  reduce  solution  time. 

Simulators  are  also  divided  into  devices  working  in  natural  and  unnatural  time 
scales.  In  computers  of  first  type  processes  are  reproduced  with  the  speed,  which  is 
determined  by  the  Initial  differential  equations  given  for  solution.  In  computers 
of  second  type  processes  are  reproduced  at  an  accelerated  rate. 

During  solution  at  an  accelerated  rate  vre  often  introduce  artificial  iteraticvi 
of  processes  which  allows  us  to  observe  the  solution  on  cathode  oscillograph  and 
to  build  operational  amplifiers  in  the  form  of  a-c  a^xLifiers  (analogs  ELI-14, 

£11-12,  Fhllbrick  firm,  and  others),  and  also  to  adapt  electronic  analogs  for 
solution  of  two-point  boundary  value  probl«s  in  complete  derivatives,  certain 
variational  problems,  integral  equations,  etc. 

Artificial  iteration  of  solution  is  used  in  d-c  electronic  models  for  visual 
observation  of  the  solution  on  electronic  oecillograph,  furnished  with  an  electron- 
beam  tube  with  a  screen  possessing  afterglow.  Frequency  of  iteration  is  estab!  ished 
here  from  0.5  to  8  c.  Such  computers  can  work  both  with  a  natural  and  unnatural 
time  scale;  here  there  do  not  appear  excessive  requirmaente  as  to  width  of  the 
passband  of  separate  computing  almMnts. 

2.  Methods  cf  Set  tins  Initial  CondHions  and  TranmtLssion 
Factors  of  Comwiting  fl^mntst 

Before  beginning  solution  of  a  problem  on  a  cosqputer  it  is  neeeeaai7  for 
every  dependent  variable  (coordinate)  to  establish  initial  values.  This  is  possible 


-293- 


to  carry  out  in  principle  two  ways:  charging  the  integrating  capacitor  and  by 
corjiection  to  each  integrating  aaplifier  of  an  additional  adder,  to  one  of  whose 
inputs  there  is  fed  constant  voltage,  corresponding  to  the  constant  of  integration. 

In  Fig.  152a  is  the  most  wide-spread 
circuit  of  setting  of  initial  conditions 
(couputers  IPT-4,  IPT-5,  MPT-9,  REAC,  EMU-1, 
EMU-2,  EMU-3»  Here  each  integrating 

unit  before  beginning  work  is  shifts  into 
the  mode  of  a  delay  component.  Here  its 
output  voltage  will  change  in  accoraance 
with  expression 

(9.1) 


is:(c) 


7  =  — 


I 


Fig.  152.  Circuits  of  setting 
initial  conditions. 

KEY:  (a)  Input;  (b)  Control 
relay;  (c)  Output;  (d)  Initial 
conditions  relay. 


"aC  (t 

In  steady-state  regime 


(9.2) 


#  j  —  D 

Thus,  integrating  capacitor  before 
beginning  work  of  the  computer  is  forcibly 

charged  to  the  required  voltage. 

The  circuit  does  not  reqiure  limitation  in  duration  of  preoperational  period, 
since  in  this  interval  of  time  the  integrating  capacitor  is  forcibly  charged  from 
a  source  of  voltage  of  initial  conditions.  The  main  defleiency  of  the  circuit  is 
the  fact  that  voltage,  equivalent  to  initial  conditions,  is  not  established  at 
output  cf  aaplifier  at  once,  and  therefore  accurate  adjustment  is  hampered  and  is 
linked  with  excc^ssive  waste  of  time.  Acceleration  of  the  setting-up  process  for 
initial  conditions  can  be  achieved  in  this  circuit  by  coupling  an  additional 
capacitor  Ch  in  parallsl  to  resistor  (see  dotted  line  on  Fig.  152a). 

Here 

(9.3) 
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If  oa«  wer«  to  solect  pftruiotera  In  such  *  asnnsr  that  ^\i  *  ^2R 


snd  output  Toltage  of  aaplifisr  will  b«  set  precticellj  Instsntly. 

Ineccurete  observance  of  equality  of  tiae  constants  of  both  RC-chalns  leads  In 
the  case,  when  <  /?^C.  to  delay  In  achievement  of  steady-state  at  output 

voltage,  while  when  >  R^C  it  leads  to  a  jump  of  voltage  at  integrator 

output,  exceeding  steady-state  voltage  of  initial  conditions.  The  latter  at 

near  ICX)  v,  may  cause  output  of  the  block  beyond  the  limits  of  linearity. 

In  the  circuit  in  Fig.  152b*  acceleration  of  process  of  setting  the  voltage  of 
initial  conditionf  is  attained  by  switching  the  integrating  capacitor  to  the  output 
of  the  computing  block,  which  in  the  period  of  setting  of  voltage  of  initial 
conditions  i*'  converted  into  the  regime  of  a  scale  block.  Since  output  resistance 
of  the  operational  amplifier  is  low,  the  capacitor  is  charged  practically  instantly 
to  the  required  voltage. 

(9.4)  " 

In  transition  to  operating  regisM  the  capacitor  is  switched  to  the  feedback  ^ 
circuit,  and  iresistors  Rj^nand  R2g  are  disconnected  from  the  integrating  point. 
Resistor  Rh  serves  to  preserve  negative  feedback  of  the  block  during  transition 
of  the  armature  of  the  relay  of  initial  conditions  PH>  from  contact  to  contact. 


It  is  selected  from  100  kilohms  to  1  megohm. 


In  simulators  with  iteration  of  processes  at  a  frequency  above  10  c  (computers 
ELI-14  and  ELI -12  see  L.  I.  Gutsnmskher  [2])  there  is  appllsd  the  circuit  for  setting 
initial  conditions  shown  in  Fig.  152  c.  Due  to  low  internal  resistance  of  the 
source  of  e^  capacitors  and  C  are  charged  practically  Instantly; 


(9.5) 


*4pplled  in  EXU-5  of  Academy  of  Sclencee  of  USSR. 
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Du«  to  th«  fact  that  Yoltac*  Cj,  at^la  Yoltaga  a^ ,  currant  doaa  not  flow  in  thia 
circuit,  and  tha  aourea  of  a^  la  dlaeonnaetad  froai  intagrating  «Bplifiar.  Raaie- 
tancaa  Rj  aarra  to  liadt  ciirrant  during  dlscharga  of  capacitors  Cj,  and  C  in  tha 
half'pariod  of  praparatlon  of  tha  circuit  for  solution  of  a  prt^laa. 

A  circuit,  illustrating  sotting  of  initial  conditions  by  adders,  connected  to 
cut put  of  integrating  block,  la  ahown  in  ^ig.  153*  Such  aathod  of  setting  initial 
conditiona  has  tha  adYantaga  that  it  doaa  not  raquira  coaBLtation  of  the  circuit  at 
tha  intagrating  point  of  tha  oparational  aaplifisr,  it  lowers  requirwaent  of 
high  spaed  operation  of  control  ralay  and  allows  us  to  open  bloct  n  preparation 
for  solution  of  a  problew  by  short-circuiting  integmtiji,^  cftpa^i.ors  by  cwit&cts 
of  py-l  .  Raelstor  Rj  aerree  to  Halt  current  through  cor  '.^kCts  of  the  relay  at 
the  Maent  of  ahort-circuiting  of  ths  capacitor.  Main  deficiency  of  this  aeajns  of 
letting  initial  conditicaia  la  the  nacMsity  of  cckuiecting  the  adder  with  every 
integrator.*  Often  aa  aueh  an  aader  there  car  be  used  a  unit  ir  set-up  circuit. 
HowsYer  in  general  the  nwber  of  oparat  f  onai  taplifiare  required  here  incraaeea. 


Fig.  153.  Circuit  of  aetiing  of  voltage  of  initial 
conlltiane  at  output  of  integrating  aBpUfitr. 

HT:  (a)  Input;  (b)  Control  relay;  (c)  Output. 

Setting  of  trananiaeion  factors  is  carried  cut  in  noet  cases  on  llj.ear  cowfuting 

elenents.  Ronlinaar  blocks  usually  are  aupplisd  with  a  fixed  tranawission  factor, 


*Beaidee  tht«  one  ahould  ronaidar  that  applioai 'on  of  this  circuit  lequirea 
haring  of  aoala  of  roltagaa  oi  aattlng  to  elisdnata  juaeible  of  efu^^fiars 

beyond  tha  liaita  of  linaatlty. 


dflttmlnad  fron  th«  condition  of  obtaining  at  output  a  total  voltage  of  the 
Bodel  scale  (100  v)  when  supplying  input  with  voltages  of  the  arguaent,  100  v. 

To  solve  differential  equations  it  is  necessary  to  provide  poeslbillty  of 
change  of  transaission  factors  of  every  linear  eosiputing  elsMnt  in  wide  lljBits 
(froa  100  and  to  0.001).  Setting  of  transnission  factors  greater  thin  one  usually 
is  carried  out  continuously  by  change  of  re^l^tance,  connected  to  the  input,  and 
in  steps  by  feeding  the  feedback  circuit  frca  a  divider,  connected  to  the  amplifier 
output. 

Setting  of  transmission  factors  less  than  one  is  carried  out  continuously 
by  connection  of  voltage  divider  to  output  and  in  steps  by  transition  do  another 
•jstagnitude  of  resistance  of  feedback.  In  case  of  work  in  integrator  regime  step- 
by-step  change  of  transmission  factor  is  carried  out  in  the  direction  of  decrease 
by  parallel  connection  of  an  additional  capacitor  and  in  the  direction  of  increase 
by  tran^srition  to  capacitors  cf  lower  capacitances,  ccmnected  to  the  block  from 
without.  Sdtooth  change  of  transmission  factors  greater  than  one  la  achieved  by 
change  of  the  resistance,  connected  to  Input,  and  maaller  Uv*n  one— by  a  divider 
at  the  output,  In  Tig,  154  is  brought  a  circuit,  in  which  are  provided  the  above- 
SMntioneci  methuis  of  setting  tranaaiseion  factor  of  an  operatioral  amplifier. 


(a) 


(b) 


rig.  154.  Methods  of  setting  transmission 
factor. 

KEY:  (a)  Input;  (b)  Chitput. 


In  certain  simolatore  the  potenlloawter,  connected  to  the  output  of  the  block. 


-297- 


ip  executed  in  the  fom  of  %  ten-tum  wire  potentioneter,  (for  example,  in  EMU-iD, 
PACE,  READ  and  others)  or  a  three-decade  divider  according  to  the  diagram  In  Fig. 

155  (fer  example,  IPT-4,  IPT-5,  MPT-9,  etc.).  Voltage  dividers  and  have 
eleven  sections  of  equal  resistances  each,  ard  divider  ;l-3  has  10  sections.  If 
resistance  of  sectica  '  of  separate  dividers  are  selected  in  such  a  manner  that 
relaticmship  r^  =  0.2r2  and  r2  =  0.2ri  were  fulfilled,  then  in  the  given  diagram 
connections  of  dividers  of  resistance  between  cursors  a  ard  b,  and  also  c  and  d  will 
be  constant  and  accordingly  equal  to  r^^  and  r2. 


Indeed, 


wherice  when  obtain 


'cd= 

2r,  ■  lOr, 

^  \0r~, 

'b4 

=  r2; 

2r,IOr, 

2r,  -f  lOr, 

■\b 

=  r^. 

Therefore  independently  of  position  of  cursors  ab  and  cd  to  divider 


there  will  always  be  fed  voltage  Uab  = 
^cd  ~  ■ 


,  and  to  divider  ,1-}  — voltage 


Fig,  155.  Circuit  of  three-decade  divider. 
Total  voltage  at  output  of  circuit  will  be 

--  ^1  +  -f  Sj  4-  ~ 

=  ^'(*1  -f  O.OIrtj). 


(9.6) 
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wh«r«  nj ,  n2»  the  nunbere  of  leed-outs  of  e  section  of  the  diTiders. 

Thus,  with  the  help  of  such  s  divider  it  is  possible  to  set  coeffient  x<  I 
with  accuracy  up  to  the  third  significant  digit.  Usiially  resistors  of  sections  r 
r2  and  r^  are  made  wire  resistor. 

Setting  transmissions  factors  greater  than  one  is  realised  by  change  of  input 
Impedance.  This  resistance  in  certain  analogs  (Q(U*>3,  QfU-U)  is  executed  in  the 


Fig.  156.  Circuit  of  two-^ecade  additional 
resistor. 


b) 


Fig,  157.  Plug-in  resistance  box,  a — 

General  view;  b— circuit, 

fora  of  a  two-decade  box  with  anooth  setting  of  the  third  8igniflc«>nt  figure  by 
a  series  connected  resistor  (Fig,  156),  Here  there  is  necessary  for  each  box  to 


have  two  switchs  of  10  positions  each. 
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Accuracy  of  sattlng  of  tranousisaion  factor  with  the  help  of  Miocth  change  of  the 
third  step  of  a  10  kllohia  reaistance  will  vary  depending  upon  the  magnitude  of  the 
series-connected  reaistance. 


Fig.  158.  Bridge  circuit  for  ffleaaurenent 
of  reaiatancea.  ^  — potentiometer; 

3A  —Standard  divisor, 

KEY:  (a)  Resistance  box;  (b)  Standard 
resistance  box. 

In  connection  with  this  of  interest  is  the  method  of  change  of  input  impedance, 
used  in  electz^xiic  analog  l}nj>5.  Here  input  impedances  are  made  in  the  form  of 
separate  plug-in  blocks  (Fig.  157).  The  blocks  are  made  in  three  modifications, 
covering  total  range  of  change  of  transmission  factor  (from  1  to  10).  Inside 
each  block  are  mounted  three  constant  resistances  and  one  potentiometer  for  accurate 
adjustment  of  the  coefficient.  First  mcdificatlon  ensures  smooth  adjustment  in 
range  from  1.14  megohm  to  270  kllohm,  the  second — from  320  kilohm  to  150  kilohm 
and  the  third— from  184  kilohm  to  91  kilohm.  In  Fig,  157b  are  diagrams  for 
connection  of  resistances  in  each  modification.  Switching  of  resistances  in  each 
block  is  carried  out  by  setting  the  Installation  block  in  one  of  three  positions, 

provided  by  an  octal  tube  plug. 
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Appllcatlcoi  of  resistors  calibrated  with  great  accuracy  for  setting  of  coef¬ 
ficients  usually  leads  to  sharp  appreciation  of  the  installatian  cost.  Trsnsnisaian 
factors  of  blocks  can  be  fixed  with  accuracy  up  to  0.1$  with  application  of 
ordinary  carbon  resistors  of  type  BC,  potentioneters  with  tolerance  of  +10$  and 
use  of  a  bridge  circuit  for  measurenent  of  resistances  (Fig.  156).  Input 
iapedance  ,  subject  to  settingj  resistor  in  feedback  circuit,  and 

two  standard  resistances:  — unregulated  and  (standard  three-decade 

wire  z^sistance  box3!iC)  fora  the  bridge.  To  points  A  and  B  of  this  bridge  is 
connected  a  zero-indicator.  Zero-indicator  is  an  a-c  aaplifler  with  contact 
modulator  at  the  input  arxi  an  output  tube  of  type  6E5  ("magic  eye").  IXuring 
appearance  of  alternating  voltage  on  grid  of  this  tube  the  dimension  of  the  shady 
sector  decreases.  Therefore,  when  bridge  is  in  equilibrium,  the  whole  shady 
sector  is  cleared. 

When  setting  transmission  factor  of  potentiosieters,  connected  to  output  of 
operational  amplifier,  bridge  will  be  formed  by  standard  divider,  whose  diagram  is 
shown  in  Fig.  155,  and  the  most  tested  potentiometer  HT  (Fig.  156b). 

Amplification  factor  of  amplifier  of  zero-indicator  is  selected  equal  to  10  to 
15  considering  that  it  is  possible  isliably  to  distinguish  one  step  of  the  third 
decade  of  the  SMC  and 

2* _ Individual  and  Group  Setting  of  Zero  Level  of  Operational 

Amplifiers.  Methods  of  Combatting  Leak  and  Methods 
of  Indicating  Overloading. 

At  the  output  of  operational  amplifier  in  the  absence  of  input  signal  theire 
can  be  a  certain  voltage.  This  voltage  usxudly  consists  of  a  constant  (or,  more 
correct,  slowly  variable)  component  and  higher  harmonics.  It  a];qpears  as  a  result 
of  Inaccurate  setting  of  voltages  of  power  supplies,  presence  of  grid  current  and 
change  of  esilssion  of  first  cascade,  leaks  at  integrating  point  from  side  of  power 
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supplies,  etc  (see  for  nore  detell  Ch.  III).  In  connection  with  this  before 
beginning  to  solve  a  problem  there  always  is  carried  out  a  check  of  xero  level. 

IXiring  use  of  operational  aoplifiers  with  a  triode  circuit  of  conpensatic^  for 
drift  (see  Ch.  IV,  page  102)  setting  of  aero  level  is  executed,  as  a  rule,  before 
each  computation  by  a  potentioneter,  switched  into  the  coupling  network  between 
the  first  and  second  cascades.  With  application  of  amplifiers  with  automatic 
stabilization  of  sero  level  the  need  for  frequent  cheek  of  zero  level  is  gone.  Here 
in  the  process  of  initial  adjustment  of  the  operational  amplifier  by  a  potentiometer 
of  the  interstage  coupling  they  select  an  operating  reglm  for  the  least  amplitude 
of  higher  output  harmonics,  and  displacement  of  zero  under  the  influence  of  grid 
currents  is  eliminated  by  introduction  of  a  certain  additional  eaf  at  the  input 
of  the  operational  amplifier. 

When  the  simulator  consiets  of  a  large  number  of  operational  amplifiers  with 
triode  ccmpensation  (MN-2,  EOA,  etc.),  for  the  purpose  of  facilitating  the  operation 
operation  of  setting  of  zero  can  be  automated*  Here  all  amplifiers  of  the  ccmputer 
are  broken  down  into  separate  groups,  and  setting  of  zero  of  the  amplifier  of  each 
group  is  produesd  in  turn. 

The  systmn  of  greup  setting  of  zero  is  sxscutsd  in  two  modifications:  electro¬ 
mechanical  and  electronic.  Ln  both  cases  setting  of  zero  ia  carried  out  by  measure¬ 
ment  and  amplification  of  the  signal  of  error  r,  at  Integrating  point  V  . 

In  electromechanical  variant  (Fig.  159)  an^flli  amplifier  (see  Ch.  IV,  page  116), 
with  polarized  relay  2,  connected  to  output,  is  periodicedly  cennsetsd  by  stepping 
switch  3  to  integrating  point  of  amplifier.  If  voltage  exceeds  2-^3  millivolts 

output  rela;  ^oxScs  and  one  half  of  electrosMgnetic  clutcii  4  it  switched  on, 
moving  the  cursor  of  potentlcaetsr  of  tero  setting  5* 

Such  a  system  ensures  control  of  sero  of  amplifier  not  (mly  before  beginnitig 
work,  but  also  during  operation.  Aceordlng  to  the  data  of  I.  M.  Vlttenberg  [1] 

with  a  periodicity  of  adjustment  of  20-30  minute  error  due  to  Inaccuracy  of  setting 
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Fig,  159.  Electroaechanical  variant  of  device 
for  group  correction  of  zero  level  of  operational 
amplifiers.  1 — main  d-c  amplifier;  2"Control 
relay  of  clutch;  3 — stepping  switch;  4 — electro¬ 
magnetic  clutch. 

KEY:  (a)  To  integrating  points  v,f  other  amplifiers, 
of  sero  level  does  not  exceed  2-3  millivolts.  In  electronic  variant  of  the  device 
(N.  N.  Lenov  [1]),  brought  in  Fig.  160,  amplifier periodically  is  connected 


to  Integrating  point  of  amplifier  and  charges  cap/^citor,  connected  to  grid  of  right 


half  of  first  tube 


Fig.  160.  Electronic  variant  of  device  for 
group  adiustaent  of  sero. 

KEY:  (a)  Kain  amplifier;  (b)  Stepping  switch; 
(c)  Screen;  (d)  M-^i^amplifier. 
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Jince  in  the  absence  of  correction  the  Simplifier  in  this  circuit  remains  without 
triode  compensation,  then  it  is  necessary  to  switch  on  a  device  of  f)erJcxJic 
correction  continuously  sind  increase  the  frequency  of  control  to  1  time  each  iO-i> 
stc.  Krror  in  setting  of  ^ero  in  such  .1  circuit  is  not  less  than  ^-3  miliivoit 
(on  grid  of  first  tube)„ 

Resides  setting  7.erc  level,  the  described  systems  somewhat  lower  instability 
of  zero  level,  mainly  for  an  operational  amplifiers,  working  in  regimes  of  scale 
blocks  and  integrators.  During  work  of  amplifier  in  integrator  regime  tnese 
systems  cannot  in  accuracy  cf  stabilization  of  zero  level  complete  with  ofjcrati onai 
amplifiers  equipped  in  individually  with  a  system  of  automatic  stooilization. 

Kxperience  shows  that  application  of  systems  of  group  setting  of  zenes  in 
both  variants  in  magnitude  of  zero  drift  ioec  not  give  results  b)etter  than  in 
ir.plifiers  with  triode  compensation,  however  it  provides  a  complete  process  auto¬ 
mation  of  setting  zero. 

accuracy  of  work  of  integrating  operational  amplifiers  depends  both  or  the 
aegree  of  stabilization  of  zero  level  and  also  on  spontaiieous  discharge  cf 
int.egrating  capacitor  due  to  leaks  through  the  dielectric  and  external  ir.sulatior:. 

In  * ig.  161a  arc  shown  possible  leaks  in  the  circuit  of  an  operational  amplifier 
on  the  example  of  the  amplifier  of  analog  EMD-5.  Besides  these  leaks,  change  cf 
charge  cf  integrating  capacitor  can  be  caused  also  by  leaks  between  currerd.- 
carrying  wires  of  power  supplies  and  the  integrating  point  of  the  amplifier. 


Fig.  161.  External  leaks  of  integrating  capacitor  ! 
and  their  removal,  — resistance  box;  —  | 
control  relay,  >•»  — relay  of  initial  conditiors.  ; 
KP. Y:  (a)  Input;  (h)  Output. 


Application  of  iaproTed  1 isolation  betwesn  the  indicated  parts  of  the  circuit 
has  significantly  less  affect  than  introduction  of  so-called  "ground  insulation" 

(V.  V.  GuroT  [1]}.  In  Fig.  161b  is  brought  a  diagraa  of  an  operational  aaplifier, 
in  which  all  elsnents,  coupled  with  the  integrating  point  and  output,  are 
separated  frosi  each  other  by  netalllc  grounded  parts.  Here  all  connections  to  the 
intagrating  point  should  be  by  shielded  wire  with  reliable  grounding  of  the 
shield.  The  lead  to  the  integrating  point  should  be  conducted  not  through  a  cossnon 
plug,  but  to  a  separate  Jack,  fixed  in  the  aetallic  chassis.  The  netalllc  housing 
of  the  integrating  capacitor  should  be  reliably  grounded. 

Contacts  of  relays  of  discharge  of  integrating  capacitor  must  not  be  on  the 
general  insulating  plate.  In  order  to  use  here  ordinary  tele{f'one  relays,  it  is 
expedient  to  connect  contacts  by  the  diagraa  brought  in  Fig.  162.  Contacts  a  and 
b  are  connected  correspondingly  to  the  integrating  point  and  the  output  of  the 
operational  aapllfie. . 

(a)  (b) 


Fig.  162.  Qiagrain  of  connecting  of  contacts 
of  relays  with  "ground  insulation." 

£n\aerated  measures  lead  to  replacsskent  of  leaks  between  integrating  point 
and  output  of  operational  anplifler  through  surface  of  insulation  by  leaks  R„ 
between  integrating  point  and  the  ground  and  leaks  R  „  between  output  and  the 
ground  (Fig.  163).  Increase  of  leaks  between  integrating  point  and  the  ground 
has  not  so  essential  an  influence  on  erx*or  of  work  of  the  unit.  Additionally 
appearing  hsjre,  spurious  capacitance  between  integrating  pslnt  and  the  ground 
leads  to  certain  reduction  of  passband  of  amplifier. 

EffectiToness  of  described  method  "ground  insulation"  can  be  illustrated  by 
example  of  solution  of  a  differential  equation  of  type 

(9.7) 


when 


T(0)  =  / 


and  ?(0)— 0. 


In  Fig.  IbiiU  i3  brought  oaci llogram  of 
solution  of  this  equation,  when  a  -- 
by  ordinary  operational  amplifiers,  and 
in  Fig.  164b,  when  a  -  O.'DOl,  by  amplif:er5 
(electronic  analog  pyU-b),  for  which  ther<- 
is  'ground  insulation."  As  follows  from 
these  figures,  Icwering  of  amplitude  after 
30  min  in  first  case  constituted  nearly 
U.b%,  while  in  the  second  it  practically  is  inconspicuous.  Lowering  of  amplitude 
of  oscillation  by  2$  is  observed  in  second  case  only  after  12C  min. 

These  data  indicate  possibility  of  use  of  such  ^'perational  amplifiers  for 
simulation  of  slcwly  proceeding  processes  of  automatic  control. 

In  simulators  there  are  two  accepted  methods  of  signalling  departure  of  opera¬ 
tional  amplifier  beyond  the  limits  of  linearity.  Usually  for  this  on  output  of 
operational  amplifier  is  connected  a  neon  signal  bulb,  which  bums  upon  achieve¬ 
ment  of  a  voltage  on  amplifier  output  of  ^100 v.  Often  simultaneously  there  is  con¬ 
nected  a  relay  for  supplying  an  audible  signal  and  the  cooinand  to  cease  ccmputation. 

When  operational  amplifiers  are  made  with  a  system  of  automatic  stabilization 
of  zero  level,  it  is  possible  for  indication  of  overloading  to  use  signal  of  error 
e  5  ,  amplified  by  ar.M-,i.'.1  amplifier. 

As  is  known, 

(9.b) 

With  departure  of  amplifier  beyond  limite  of  linearity,  ^,-*0.  end 

V  _ 

^  +  if,  and  will  grow  with  increase  of  input  signal. 

In  literature  signs  of  this  method  of  indication  of  overloading  is  met  for  the 
first  time  in  the  book  of  G.  Kom  and  T.  Kom  [1]  during  description  of  operational 


Fig.  163.  Equivalent 
diagram  of  operational 
amplifier,  with  "ground 
insulation."  me  — resis¬ 
tance  box. 
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tjn^iifier  of  aijcul^tor  of  the  H/ind  firm. 

In  F.g.  165  is  brought  diagrajn  of  indication  of  overloading  based  on  measure¬ 
ment  t-.f  amplified  signal  e  j  and  applied  in  electronic  analogs  and  nMU-6 

(Academy  of  ^Iciences  of  USJR). 

Voltage  of  error  e  5  in  this  circuit  after  amplification  by amplifier 
moves  froai  demodulating  contact  of  vibrator  8n  to  ore  of  the  electrodes  of  neon 
tube  HJ  .  The  second  electrode  is  connected  to  a  ccoson  temlnai,  to  which  are 
connected  neon  tubes  of  other  operational  amplifiers.  The  cosnon  terminal  is 
connected  to  the  ground  through  i*e8i8tor  R^.  With  ignition  of  nson  tube  on  resistor 
H3  there  will  be  formed  alternating  voltage,  which  is  amplified  by  tube  Jl^  , 
rectified  by  diode  .7,  and  after  smoothing  by  filter  R^  moves  to  the  control 
grids  of  tube  .7^  .  Relay  P,  ,  connected  in  plate  clrc\xit  of  tube  -7j  ,  here 

is  triggered  ajxi  closes  contacts,  and  2?^^.  Contacts  of  the  relay  give  signals 
to  cease  work.  The  system  is  tuned  in  such  a  manner  that  the  relay  works  with  a 
voltage  at  the  integrating  point,  exceeding  2  millivolts. 


Fig.  165.  Circuit  for  indication  of  overloading. 

ym  — d-c  amplifier,  «»pliTi«r  with 

modulation  and  dsmodulation;  ha  — neon  tubs',  «/< 
vl drapack. 

KEY:  (a)  dtop  (reset);  (b)  Stop. 
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ouch  a  ineth<xi  of  signalling  departure  frooi  the  limits  of  linaarlty  has  the 
advantage  that  it  allcsrs  one  to  use  in  the  absencs  of  load  on  output  of  operational 
amplifier  the  full  range  of  linear  change  of  output  voltage,  considerably  exceeding 
usually  ;^100  v.  Furthonnore,  it  indicates  malfunction  in  the  circuit  output 

voltage  remains  within  limits  of  model  scale  +100  v,  but  real  limits  of  linearity 
are  narrowed,  for  example,  by  too  many  potentiometers,  connected  in  parallel  to 
the  output. 

4.  Main  Functions  and  Principles  of  Construction  of 
Control  System  of Simulators. 

To  control  system  of  simulator  usually  are  entrusted  fulfillment  of  following 
operations:  switching  on  process  of  solution  ("Start"),  ceasing  process  of 
solution  ("Stop")  and  return  to  initial  position  before  switching  on  process  of 
solution  ("Stop"),* 

Ceasing  solution  is  necessary  to  carry  out  measurements  of  values  of  separate 
coordinates  at  con'esponding  moments  of  solution,  and  also  during  overloading  or 
fault  of  computing  elements.  Ftirthemore,  the  control  system  should  ensure 
necessary  switching  operations  when  setting  initial  conditions,  tranamissioo  factors 
of  separate  rcanputing  units  and  supply  of  disturbances. 

for  possioiiity  of  visual  observation  of  solution  on  screen  of  cathode-ray 
oscillograph  with  tube,  possessing  afterglow,  system  of  control  should  ensure 
division  of  process  into  periods  with  period  of  2  to  30  sec.  It  is  very  desirable 
here  to  carry  out  supplying  of  time  marks  ajid  in  turn  connect  to  plates  of 
electron-beam  tube  one  of  the  two  injwt  quantities  for  their  simultaneous  observation 
on  the  screen. 

Together  with  this  in  the  installation  there  is  often  provided  autcanatic  ceasing 
of  the  process  of  solution  and  switching  on  or  disconnecting  Input  signal  at  a 


♦Editor  Note.  Author  apparently  means  "reset"  for  second  version  of  "Stop." 
We  will  put  (reset)  after  this  ^arient. 
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n-.offient  of  time  ^riven  tcforehami. 

The  control  system  should  bt;  simrie,  reliable  arid  runverwcnt  in  .per-itiori. 

The  less  the  switching  contact  equipjnent  in  the  circuit,  the  greater  its  reliabixity. 


Fig.  166.  Control  circuit  of  electronic  model,  type 
IPT-3. 

KEY:  (a)  Repeat;  (b)  Once;  (c)  Cycles;  (d)  Indicator 
unit;  (e)  Time  mark;  (f)  Input;  (g)  Integrator;  (h) 

Out  put. 

As  example  let  us  consider  control  circuit  of  electronic  analogs  IPT-i)  and 
EiMU-5.  In  Fig.  I66a  is  brought  the  fundamental  control  circuit  of  simulator, 

In  addition  of  functions,  mentioned  above,  in  this  circuit  there  is  provided  control 
of  stepping  switches  of  variable  coefficients.  In  connection  with  the  fact  that 
power  of  contacts  of  the  interrupter  is  insufficient  for  coomjtation  of  circuit  of 
coils  of  stepping  relays,  in  the  circuit  is  provided  control  by  contacts  of 
multi  pie- threw  switch  K.  Circuit  of  coil  of  multiple-throw  switch  K  is  interrupte^i 
by  contacts  of  interrupter.  To  installation  are  added  plug-in  interrupters  wjth 
pulse  frequency  2/3,  1,  V3,  U  and  1C  c. 

With  100  steps  of  stepping  selector  this  gives  a  time  of  duration  of  working 
cycle  of  120  sec,  100  sec,  75  sec,  50  sec,  25  sec  and  10.0  sec. 


*Lditor  Note:  this  is  basically  illegible  diagram 

««See  description  and  operation  instruction  of  electronic  linear  analog  of  type 
I  FT- 5.  1954. 
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pn-'ess  ot‘  scluti^n  li  *his  circuit  is  corm«cl®d  »fith  of 

first  pAis®  h«tw8er;  pulses,  issued  by  Interrupter.  This  is  achieved  because  tne 
control  relfliys  ir.  blocks  of  cperatior^ni.  Amplifiers  are  connected  only  after  relays 

?2  interlock  P-,  and  thereby  feeds  the  coils  of  relay  and  relays  P  thr  luyh 
nnraally  closed  contact  IP^. 

Here  relay  P3  interlocks  by  ccmtact  2P^  and  feifJds  of  relays  Py  in  computing 
units  for  the  duration  of  the  whole  time  of  solution. 

To  obtain  time  mark  there  ia  provided  a  circuit,  consisting  of  series  linked 
noraaliy  cloa<xi  contact  2?^^  and  normally  open  contact  IP^,  shunted  normally  by 
closed  contact  3P3.  At  the  beginning  of  each  pause  (starting  with  the  second) 
between  pulses  of  interrupter  at  a  moment,  when  relay  has  already  released  its 
reed  and,  relay  still  holds,  the  indicated  circuit  Is  closed  a  short  time.  This 
is  used  for  "’’ppiying  time  marks. 

Duratior  of  supplying  time  mark  is  determined  by  response  time  of  relay  P^. 

In  the  circuit  there  ia  provided  a  pulse  counter  of  type  SI-1,  by  which  it  is 
possible  to  count  these  pulses. 

Key  /7,  has  two  positions:  work  with  constant  and  work  with  variable  coef¬ 
ficients.  In  first  position  key  /7,  disconnects  coil  of  contactor  K.  In  second 
position  pulses  of  interrupter  through  contacts  IPq  wJid  2Pq  proceed  to  winding  of 
contactor  K,  the  lattor  by  its  contact  IK  gives  pulse  to  coils  of  all  selectors 
of  blocks  of  variable  coefficients  of  analog. 

Control  by  work  of  blocks  of  variable  coefficients  is  realised  by  stepping 
selector  //„  ,  giving  on  the  49-th  step  the  signal  of  switching  of  output 
circuits  of  blocks  of  variable  coefficients  from  one  field  of  lamellae  of  the 
selector  to  the  other. 

Cn  the  90th  step  of  the  selector  ^4,  there  moves  a  signal  to  relay  , 

by  which  is  prepared  a  circuit  for  operation  of  x^lay  Pj^  at  the  aero  position  of 
brush  of  selector  >4,  . 

Operation  ensures  return  of  installation  to  initial  position. 
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In  Klg.  166b  19  brought  the  timing  circuit  of  the  mam  switching  elements  of 
the  '•''cult. 

If  it  is  required  without  interruption  in  work  to  iterate  the  solution,  then  for 
this  toggle  switch  H,  must  be  placed  in  the  "repeat"  position.  Here  on  the  >/•" 
step  of  selector  excitation  moves  to  windings  of  relay  ,  fixed  in  blocks 

of  operational  amplifiers.  Relay  ,  disconnecting  by  means  of  contact  //', 
the  circuit  of  relays  ?y,  which  disconnect  inputs  of  amplifiers  and  discharge, 
through  a  resistance  of  1  kilohm,  the  integrating  capacitors.  On  the  101st  step 
of  selector  relay  is  disconnected  and  to  the  operational  amplifier 
there  moves  the  voltage  of  initial  conditions.  With  the  help  of  contact  3P^ 
relay  P*  remains  switched  on  and  the  whole  circuit  continues  the  following  operating 
cycle. 


The  circuit  allows  us  to  stop  solution  and  to  fix  the  value  of  desired 

variables.  For  this  we  press  button  "Stop" — Kq,  which  excites  relay  P^  through 

contact  IP  .  Relay  P  interlocks  through  contact  2P  and  excites  through 

6  5  5 

contact  IP5  relay  P^  in  computing  blocks  which  breaks  the  input  circuit  of  integra¬ 
ting  amplifiers.  Simultaneously  with  this  by  opening  contact  3P5  we  disconnect 
contactor  K  which  causes  a  halt  of  all  stepping  selectors  of  blocks  of  variable 


coefficients.  Continuation  of  solution  is  carried  out  by  pressing  the  push  button 

KH. 


The  control  circuit  of  electronic  analog  computer  is  divided  into  two 

parts.  One  part,  mounted  directly  in  linear  peu^  of  computer,  ensures  "Start"  j 

"Stop"  and  return  of  installation  to  initial  position  "Stop"  (reset)  and  also  I 

switching  operations  during  supplying  of  disturbances,  setting  of  initial  conditions  | 
and  protection  from  overloading.  Fundamental  circuit  of  this  part  of  the  control  | 
system  is  shown  in  Pig.  167a.  | 

In  Fig.  I67b  is  brought  the  circuit  of  an  auxiliary  control  unit,  intended  for  | 


*See  V.  A.  Trapeznikov,  B.  Ta.  Kogan,  V.  V.  Gurov,  A.  A.  Maslov,  [1]. 
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realization  of  repetitive  c-peratlon,  autcaiatic  ceasing  of  solution,  supplying  of 
tune  narks  on  screen  of  electron -beam  tube,  .-■witching'  cMn  and  witching  off  of 
input  signal  at  a  predetermined  moment  of  time,  '"or  bringing  the  circuit  to  a 
working  state  toggle  switch  of  network  r,  is  set  at  the  "Ori"  position.  Here 
there  starts  to  revolve  synchronous  electric  motor  CJl  ,  which  is  coupled  witn 
three  contacts  of  interrupter.  These  contacts  produce  pulses  of  direct  current 
with  frequency  1,  2,  5  c,  which  can  be  used  for  switching  of  stepping  seltsctor 
lllH  •  Frequency  of  pulses  is  selected  by  switch  n 

Upon  pushing  the  "3ta. t"  button  K3fJ  relay  PJfJ  works,  which  locks  itself  by 
its  (MT\  contact  UKifl  .  Here  the  signal  tube  lights  up  and  contact  closes. 

The  first  pulse  coming  from  contacts  of  interrupter  of  synchronous  electric 
motor  O  ,  switches  on  the  circuit  of  winding  of  relay  pn  .  Contact  ll^•i3 
closed,  which  pr  iducea  the  operation  "Start"  of  analog  D<U-5.  Simultaneously 
stepping  selector  switch  makes  the  first  step.  IXxring  rotation  of  electric  motor 
C.l  relay  pn  works  with  the  frequency  of  the  interrupter  (1,  2  or  5  c)  and 
stepping  selector  starts  to  count  the  number  of  pulses,  coeiing  frco  interrupter 
of  electric  motor  C2  .  In  the  circuit  there  is  applied  a  stepping  selector  with 
a  maximum  of  steps,  equial  to  50. 

To  perform  the  operation  "Stop"  at  a  predetermined  second  to  the  "Stop"  terminal 
they  connect  by  a  flexible  cord  with  corresponding  lead-out  from  lamellae  of  the 
8-epping  selector. 

With  connection  of  the  brush  of  the  selector  with  a  lamella,  to  which  is 
connected  the  cord  "Stop"  relay  PO  works  and  by  contact  1^  breaks  the 
circuit  of  blocking  of  relay  PJH  ,  Contact  2PO  pro^  ..ces  in  the  analog  EMU-5  the 
operation  Stop.  "  With  disccsnnection  of  relay  PJfl  contact  2PJ/7  will  be  op«ied, 
the  winding  of  relay  pp  is  disconnected  from  the  interrupter  of  the  motor  /*,and 
the  stepping  selector  stops. 

Period  of  iteration  of  the  process  ii  set  by  switch  •”*  and  cwmection  of  cord 
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’  ;>top'  with  the  correanondinn  lamella  of  the  stepping  selector.  During  switching; 
on  of  tofvle  switch  of  division  Into  periods  T«  relay  Hlfl  works  and  by  contact 
3Nin  produces  the  operation  "Start,*'  contact /Pf//7  closed,  contact  group  y/*////  Is 
switched  and  stepping  selector  begins  to  switch. 


Fig.  167.  Fundamental  crmtrol  circuit  of 
electronic  analog  of  type  UIU-5. 

Contact  of  the  zero  position  of  the  selector  closes,  and  contact  //„, 

opens . 

With  connection  of  the  brush  of  the  selector  to  the  lamella,  united  by  the 
flexible  lead  with  socket  "Stop",  relay  PO  is  triggered.  Contact  2PO  closes  and 
switches  on  relay  PC  ;  simultaneously  to  analog  BHU-5  moves  the  signal  "Stop" 
(for  discharge  of  capacitors  of  integrators  and  setting  of  initial  conditions). 
Relay  pc  interlocks  by  its  contact  IPC, 


Contact  3PC  closes  and  through  the  noraalljr  closed  head  canted  at  eeledor 
r/itt  switches  on  the  winding  of  stepping  selector  U/ft  ;  here  the  brush  of  the 
selector  autoeiatlcally  is  set  to  zero  position.  With  return  of  brushes  to  zero 
position  contact  will  open  and  relay  PC.  is  disconnected,  which  will  open 
contact  3  •  Furthennore,  contact  through  contact  IPP  produces  the 

operation  "Start"  of  the  model.  The  stepping  selector  again  starts  to  switch  and 
upon  connection  of  the  brush  of  the  selector  with  the  lamella,  to  which  is  connected 
the  cord  "Stop,"  the  process  is  repeated. 

In  the  additional  controlling  block  there  are  two  relays  Pi  and  P7  .  With 
the  help  of  these  relays  and  contact  group  2Pt  it  is  possible  to  execute  the 
following  operations: 

1)  switching  on  of  input  signal  at  a  given  moment  of  time; 

2)  disconnecting  the  input  signal  at  a  given  moment  of  time; 

3)  switching  of  couplings  in  the  set-up  problem. 

To  execute  the  enximerated  operations  socket  "On"  is  connected  by  cord  with 
corresponding  lamella  of  the  stepping  selector.  When  the  brush  of  the  salector 
is  connected  with  this  lamella,  relay  PI  worics  and  interlocks  by  contact  iPi  . 
Contact  2PI  is  switched  on.  For  switching  off  relay  /»/  socket  "On"  is  also 
connected  with  the  corresponding  lamella  of  the  selector. 

In  the  control  circuit  there  is  foreseen  the  possibility  of  parallel  woric  of 
several  simulators  of  type  D(U-5  with  control  of  the  solution  process  *rom  any 
installation.  In  distinction  from  Installation  IPT-5  here  there  is  not  anticipated 
work  with  blocks  of  variable  coefficients,  based  on  stepping  selectors  (see  Ch.  XI). 

5.  Observation  and  Recording  of  Solution. 

Every  simulator  usually  is  supplied  by  means  for  observation  and  recording  of 
the  process  of  solution.  These  means  are  distinguished  depending  upon  the  speed 
of  processes,  which  are  to  be  recorded  or  examined.  With  slow  processes  with 
frequency,  not  exceeding  1-2  cycles,  we  can  use  self-recording  instnasents  with 
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drive  of  the  stylus  raechanisin  from  servo  systems  (instruments  of  the  type  of 
recording  self ■  bulanoed  potentiometers,  for  example,  F,?’P-9).  At  frequencies  up  to 
lUC'  cps  for  recording  of  the  solution  there  usually  are  used  loof)  oscillographs).* 
Mt  higher  frequencies  they  use  oscillographs  with  electron-beam  tubes. 


I 


2 

Ki«.  168.  General  view  and 
diagram  of  recording  device 
of  the  Goodyear  firm  (United 
States).  1 — drum;  2 — c«i- 
d acting  layer,  3 — current- 
collector,  4-- amplifier;  ^  — 
drive  motor,  6--potentioiEctric 
pickup. 


Gpark  recorders  of  type  hiG-i  (aev<  loped 
in  industry),  based  on  the  principle  of 
dynamic  compensaticMi,  work  in  the  same 
range  as  loop  oscillographs,  net  lequiring 
here  comparatively  expensive  light  sensi¬ 
tive  material  and  time  for  its  processing. 
However  accuracy  of  recording  here  is  2-3 
times  lower.  Heterogeneity  of  paper  leads 
to  puncture  occurring  with  a  large  spread 
of  points. 

In  Fig.  168  are  brought  the  general 
view  and  diagram  circuit  of  recording 
device  of  Goodyear  firm  (Goodyear  Co,  UGA; 
sfijfc  P.  R.  Vance  and  D,  L.  Haas  flj)  with 
drive  of  the  stylus  and  drum  from  servo 
systems.  Analogous  installations  are  also 
produced  by  the  Reeves  fim  (G,  Kom  and 
T.  Kom  [Ij).  in  case  of  rotation  of  drum 
with  constant  speed  this  device  works  as 

an  ordinary  recording  instrument.  Upon 
feeding  the  input  of  the  servo  system  of  the 
drum  drive  with  another  dependent  variable 
there  can  bo  obtained  recording  of  dependence 


.  ,  noces.scrv  to  indicate  that  with  the  help  of  loop  oscillographa  in  orin., 
ciple  It  IS  also  possible  to  roco-1  processes  of  higher  frequency.  However  fw- 
powe.  (  .nsimiod  by  loop  and  required  speed  of  movement  of  paper  sharply  increase. 
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bctvecn  tvo  coordinates  in  the  pi*oce88  of  eolutlcfi;  in  pArticulftr,  there  can  be 
obtained  recording  of  trajectories  of  flying  objects  or  phase  portraits  of  •tudied 
dynaadc  systeas.  Accuracy  of  recording  here  it  0,2%  at  a  ■axiauaa  frequency  of 
reproduced  processes  of  2  c.  The  dSTlce  can  also  reproduce  in  the  fo:ni  of  voltage 
an  earlier  registered  dependence  between  two  coordinates  and,  consequently,  work 
as  a  functional  generator. 

They  also  apply  two-coordinate  recording  tables  with  drive  frtm  two  servo 
systams.  Thus,  for  OMuaple,  recording  device  put  out  by  the  fins  "Dobbie  Me. 

Innes  Limited"  (England;  see  S.  A.  Wasa  [ij)  has  a  table  456  x  764  tat  and  mnsures 
accuracy  of  0.25$  dy.ring  recording  of  very  slow  processes.  Error  during  reproduction 
of  sinusoidal  oscillations  with  frequsnev  of  0.^  c  and  amplitude  ^22B  n  already 
constitutes  0.5$.  With  increase  of  frequency  it  .secessary  to  lower  accordingly 
peraifisible  amplitude  of  csciiiationo. 

Luring  operation  of  slra.U.t<.>rs  it  is  exc«sdi^t  along  with  loop  to  use  also  a 
cathode-ray  oscillograph.  T?,«  latt‘ir  hare  mairJy  for  visual  observation  of 

the  process  and  singling  out  fren  th^  »??i!ole  set  of  received  solution#  those,  which 
will  be  recorded.  Here  there  can  b«  used  standard  cathode-ray  oscillographs  wf 
type  E^4  or  £<>-7,  for  which  insteMi  of  tube  lSi037  there  is  installed  a  tube  of 
type  13.7776  with  long  afterglow.  Voltage  of  scanning  of  the  beam  is  fad  to  the 
osciIlograp>^i  frem  Integrating  amplifier  of  the  analog  and  by  this  synchivnises 
beginning  of  the  process  with  beginning  of  scanning.  The  time  of  scanning  changes 
with  change  of  the  time  ccanstant  of  the  integrator. 

There  es*«;  iliio  constructed  specialized  cathode-ray  indicators  of  type  1-4, 

1-5  and  ERli-1.  'The  first  two  are  equipped  with  tubes  with  looig  afterglow  of  type 
"  T.:  K'c'and  I ?J7? 36 accordingly.  The  third  type  has  an  electron-beam  tube  with  dark 
recording. 

In  Fig.  169  is  brought  the  diagram  of  an  indicator,  made  with  email  dlfferwices 
from  the  diagram  of  indicator  1-4  Scanning  of  beam  here  ia  internal  and  is 
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Fig.  169.  Diagram  of  indicator  1-4. 


carried  out  with  the  help  of  a  phantastron  oscillator  circuit,  synchronization  is 
carried  out  frcm  a  ‘)U  cps  network.  There  is  anticipated  possibility  of  settin^^ 
duration  of  scanniry?  of  beaic  within  1-10  sec,  ^~k0  sec,  JU-8U  sec,  lU-l'JO  sec, 
i>0-400  sec  and  101-800  sec.  The  time  mark  is  given  also  by  oscillator  circuit  of 
rf-.antastron  type  every  1,  J),  10  or  25  sec.  The  time  mark  acts  on  cutoff  of  the 
beam.  In  indicator  is  provided  also  relay  P^i  ,  which  commutates  plates  with  two 
inputs  for  obtaining  on  screen  simultaneously  the  ima^e  of  change  of  two  coordinates. 

Starting  mi  stopping  of  Scanning  is  carried  out  from  the  panel  of  the  simulator. 
During  starting  of  the  analog  to  the  phantastron  there  moves  a  starting  pulse  through 
capacitor  c.  When  stopping  the  process,  scanning  is  stopped  by  breaking  of  contact 
in  grid  circuit  of  tube  i5. 

In  cathode-ray  recording  device  ERU-1  there  is  used  a  cathode-ray  tube  of  type 
1CL1P12-T  with  recording  by  a  dark  line  with  magnetic  deflection  and  focusing  of 
oeam. 

Screen  of  this  tube  is  covered  by  a  layer  of  crystals  of  potassium  chloride. 

When  the  electronic  beam  strikes  the  screen  on  it  there  will  be  fon.  i  dark  violet- 
blue  lines,  caused  by  absorption  of  light  by  those  crystals  of  potassium  chloride, 
which  experienced  the  electron  bombardment  of  the  beam. 

Contrast  of  recording  decreases  in  time  and  depends  on  illumination  and 
temperature  of  screen.  With  ordinary  temperature  and  illumination  of  screen  the 
recording  can  be  kept  for  several  days. 

Discoloration  of  screen- -erasing  of  the  recording  is  carried  out  by  heating 
the  screen  by  an  external  electric  furnace.  Therefore  to  the  device  is  provided 
two  sets  of  electron-beam  tubes.  While  recording  is  conducted  on  one  tube,  the 
other  is  prepared  for  work.  General  view  and  fundamental  circuit  of  the  instrument 
is  shown  in  Fig.  170.  Coils,  deflecting  the  beam,  are  fed  through  operational  d-c 
amplifiers  with  negative  feedback  for  coil  current.  This  ensures  linearity  of 
dependence  of  current  of  coils  on  input  voltage  with  accuracy  up  to  u.lSt. 
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Sensitivity  of  circuit  for  both  inputs  is  not  less  then  0.8  nit/v.  For  realisetion 
of  scanning  in  tiae  amplifier  can  be  used  as  a  generator  of  scanning,  for 
vfhich  it  is  converted  into  integrator  made.  In  the  circuit  by  relrys  P/?,  ,  pp,  , 
P//^  ,  and  P//,  there  is  ensured  siaultaneity  of  starting  of  analog  and  beginning 
of  scanning  of  beam,  ceasing  of  scanning  upon  stop  of  process  of  solution  and 
return  to  initial  position  during  switching  off  of  sioulator. 

Table  6 


Wo. 

in 

order 

-  ■ 

h-- 

'  '  -  Type  of  indicator 

1  Main  character! stic^~^  -- 

1 

1 

1-4 

1-5 

1 - 

ERU-1 

1 

r- 

Diameter  of  tube  screen 

180  X  22U 

130  ma 

100  MB 

2 

Type  of  tube 

31LC33 

131036 

10LFK2-T 

3 

Sensitivity  on  both  axes 
at  maximum  amplifi¬ 

8  WH^V 

7  jmjv 

0,8  nm^v 

cation 

8  an^v 

7 

0.8  bh^v 

4 

Duration  of  single 

from  10 

from  10 

from  1  to  1000  sec  in 

scanning 

to  400  sec 

to  250  sec 

three  steps  from  1 
to  10,  from  10  to 

1 

with  repetition 

from  1 
to  80  sec 

from  1 
to  25  sec 

100  and  from  100  to 
1000  sec 

5 

Frequency  of  internal 
time  marks 

1,  5,  10  and 
25  c 

0 

0 

0 

Pulses  of  time  marks 
move  from  without 

6 

Error  of  measurement 

2% 

.... 

7 

Feeding 

from  net 

220  V 

from  net 

220  V 

Prom  stabiliser  recti' 
fier  ESV-IM 

Basic  data  of  the  above-mentioned  cathode-ray 

indicators  are  given  in  Table  VI. 
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CHAPTER  X 


METHOD  OF  SETTING  AND  SOLVING  PROBLEMS 

For  successful  use  of  simulators  of  great  importance  is  correct  fulfillment  of 
a  number  of  operations,  connected  with  preparation  of  initial  system  of  differential 
equations  for  setting  on  the  installation.  These  preparatory  operations  include: 
composition  of  functional  diagram  of  connection  of  computing  elements  in  accordance 
with  given  system  of  differential  equations,  calculation  of  transmissions  factors  of 
separate  computing  elements  with  respect  to  coefficients  of  initial  equations,  selec¬ 
tion  of  scales  of  representation  of  dependent  variables  and  time,  determination  of 
initial  conditions  and  disturbances  in  those  physical  quantities,  which  in  the  sim¬ 
ulator  are  represented  by  initial  variables  of  the  problem. 

1,  Composition  of  Functional  Diajgram  of  Cchnectjon  of 
Separate  Computing  Elements  for  Solution 
of  Given  Differential  Equations 

Differential  equations,  subject  to  soluticn  by  a  simulator,  can  be  given  in  the 
fonri  of  one  equation  of  high  order,  in  the  form  of  a  system  of  differential  equations 
of  different  orders,  a;.d,  finally,  in  the  form  of  a  system  of  differential  equations 
cl'  the  first  order.  In  principle  set-up  can  be  realised  by  inclosing  the  order  of 
the  derivative  cr  lowerirrg  the  order  of  the  derivative.  In  thu  first  case  the  equa¬ 
tion  is  solved  for  the  desired  fWiction  and  separate  computing  eleawnts  are  connected 
in  such  a  way  as  to  carry  out  sequential  differentiation  with  subsequent  svuasiatlon 
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of  separate  derivatives.  In  the  second  case  equations  are  solved  for  the  derivative 
of  highest  rank  of  the  desired  iYinction.  If  one  were  to  asi^urre  that  the  vajue  of 
the  derivative  of  hif^hest  rank  ia  known,  then  to  obtain  i.he  ffesired  function  it  is 
necessary  tc  execute  consecutively  nany  operations  of  inte/^ration  as  the  order  oj  the 
highest  ranking  derivative,  and  then  sum  all  components,  constituting  the  fipt-eot. 
ranking  derivative.  One  group  of  these  com.ponents  is  the  uesirea  function  anu  :tr, 
lower  rank  derivatives  are  obtained  by  imposition  of  feedback  from  the  outnut  of 
The  integrators  to  input  of  the  adder;  while  the  other  is  obtained  by  supplying 
fror  without  (right  side  of  equations,  other  dependent  variables  in  case  of  solution 
of  a  system  differential  equations). 

Thus,  set-up  by  lowering  the  order  of  derivative  requires  that  the  basis  of  the 
simulator  be  integrating  computing  elements.  Here  there  is  attained  essential  de¬ 
crease  of  influence  of  interferences,  created,  for  example,  by  the  steppea  nature 
of  potentiometers  at  input  of  separate  units,  the  presence  of  higher  harmonics  :r. 
voltage  of  po%ifcr  supplies,  and  so  forth.  Therefore,  as  a  rule,  set-up  on  sinniiators 
is  constructed  by  lowering  the  order  of  the  derivative.  Let  us  consider  several 
practical  examples.  As  the  first  example  let  us  consider  com.position  of  functional 
diagram  for  a  linear  differential  equation  of  the  sixth  order  with  constant  coeffi¬ 
cients 


(10. i) 


ociving  equation  (10.1 )  for  the  highest  ranking  derivative,  we  will  receive 


where 


-  ♦ 


I  4,i  -*>  iF  iF 


(lO.i) 


ft 

•• 


The  functional  diagram  is  shown  in  Fig.  171.  During  composition  of  functional  dia¬ 
gram  there  was  taken  into  account  the  property  of  computing  elements,  built  cn  d-c 
amplifiers  with  negative  feedback  ,  to  change  the  sign  of  the  input  signal. 
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It  is  possible  to  soroewhat  simplify  the  functional  diagram  by  canbination  in 
the  first  unit  of  functions  of  summation  and  integration  and  unification  in  one 
auxiliary  adder  of  the  function  of  change  of  sign  of  input  signals,  which  was  exe¬ 
cuted  in  the  above-mentioned  circuit  by  three  computing  elements  (units  No.  8,  V 
and  10 ).  In  Fig.  172  is  brought  a  diagram  of  set-up  taking  into  account  these  re¬ 
marks. 


a,  t  t  t  c  e  t 


Fig.  171.  Functional  diagram  of  set-up  of  com¬ 
puting  elements  for  solution  of  an  inhomogeneous 
linear  differential  equation  of  the  6th  order 
with  constant  coefficients. 

t  €  C  t  t  t 


Fig.  172.  Another  variant  of  fiinctional  diagram. 


As  a  second  example  let  us  consider  coaiposition  of  functional  diagram  for  sys¬ 
tem  of  linearised  differential  equations,  describing  processes  of  course  stabili¬ 
sation  of  an  aircraft  by  automatic  pilot.  Not  considering  banking,  with  constant 
speed  of  aircraft  e  ==  const  and  an  automatic  pilot  w*th  proportional  feedback  and 
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response  tc  the  first  and  second  derivatives  we  wij.]  f  btain 


equation  of  moments  with  respect  to  y  axis 
equation  of  pro^iections  of  all  forces  on  2  axis 
equation  of  ruoder  drive 

r.^-f  *  =  */ 

equation  of  amplifier  and  sensors 

In  these  equations  there  are  designated! 


{li>.  J  ) 


A,- 


/,(/)- 

/i(0- 


2^ 


—time  constants  of  aircmft; 


—amplification  factors  of  aircraft; 


I —increments  of  disturbing  moment  and 
I  forces; 


T  —  time  constant  of  acceleration  of  rudder  actuator, 
—  time  constant  of  amplifier, 
k,  —  static  transmission  factor  of  rudder  drive. 


k  —  coefficient,  deterwinini?  rigid’iy  of  feedback, 

U 

k^.  A-—  coefficients,  oetenrdninf  influences  with  respect  to  deflecticn  i  itj 

first  and  second  aeoivatives, 
f  —  course  an<tie  increment, 

^  —  increment  of  slip  angle, 

I  —  increment  of  angle  cf  rudder, 

/  —  increment  of  t  Ul  ccwttrcl  signal. 

Composition  of  func  lonai  diagram  for  system  of  differential  equations  assures 
corny  sition  of  a  separa  m  functional  diagram  for  each  e^uuti''n,  and  then  inierr.^n- 
nection  cf  these  diagrims.  -'126'“ 


173.  Functional  diagram  of  sat-up 
of  computing  alenents  for  investigation 
of  processes  of  course  stabilisation  of 
aircraft  by  an  autc.natic  pilot, 

We  construct  the  functional  diagram  of  thesa  equationa,  as  before,  preliminar¬ 
ily  solving  each  equation  of  the  system  for  the  highest  ranking  derivative: 
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4  /-  A 

4! 
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1 
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SI 

*'  **  i 

t.  Si*"  ~  t:  ‘ 

(10.7) 

The  overall  Auictional  diagraa  is  shoan  in  Fig.  173.  Dotted  lines  circle  cir¬ 
cuits,  corresponding  to  separate  equations  of  investigated  systm. 

hfhen  there  is  given  a  system  of  first-order  differential  equations  of  the  form 

4?  ~  (10.8) 

/-I 

for  each  equation  there  can  be  comttosed  an  identical  functional  diAgraa  (Fig.  174). 

This  allcvs  us  once  and  for  all  to  connect  computing  elements  in  simulator 
asx^ng  themselves,  and  to  set-up  by  setting  coefficients  a^j  and  mg  this  la  shown 
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Fig^  174.  Fun"Mon*l  .'iagram  of  set-uf-  of 
computjn  elements  lor  solution  or  linear 
differer  ial  equation  of  f^rst  order  in 
nfcirlx  models. 


in  Fig.  175  for  solution  of  a  linear  differential  equation  of  the  third  order 


at* 


(10.9) 


By  preliminarily  s'abstitution -—t ~ and-^^t  =  jfj  equation  (10.9)  is  reduced  '.c 
ft  system  of  three  d'*  'lerCi.tial  equations  of  the  first  order: 

^  =  0  •  jr,  -{-  jr,  +  0  •  X,  +  0  •  /i  (0. 

djtf 


4t 

4! 


0  '  Xj  -4-  0  ■  Xj  -  F  i”  0  /j 

_  £*.  jr  r  _  ..  J  *  /  //V 


More: 


0. 

*« 

01 


«-ii «  0. 


^131  -  1.  ®tj  =  0,  ^1  :=  0. 

®  JJ  ~  0.  ^23  —  I .  =  0, 

a  ~  ~  _  *1  A  • 

«w  -- .  -  a  -  •  h  -=  ^  • 

For  set-up  there  is  not  required  composition  of  a  functional  diagram;  it  is 


sufl  'cient  only  to  detem'vine  values  of  coefficients  a^  and  and  set  them  by  cur¬ 
sors  of  corresponding  dlvid«}rs. 

The  diagram  of  Fig.  17;)  is  the  totality  of  the  throe  diagra-^s  of  Fig,  174,  b\it 
with  this  distinction,  that  in  each  diagram,  solving  a  first  nrder  equation,  besides 
an  adder,  irregrator  and  sign-change  unit,  there  is  introduced  a  unit  for  setting  the 
sr»le  ct  variable  (units  No.  2,  6  and  10  on  the  diagram  of  Fig.  175). 

Such  a  principle  cf  set-up  is  called  matrix.  Simulators,  for  which  computing 
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Fig.  175.  Sxsunpla  of  fomnutAtion  of  blocks  in 
anatrlx  models. 

^ilements  are  united  beforehand  in  circuits  for  solution  of  first  order  differential 
equatic  s,  also  are  called  matrix. 

Use  of  matrix  principle  of  set' up  ensures  an  auttaaticaily  correct  sequence  of 
coupling  separate  computing  elements,  and  also  indicates  the  way  of  transforming 
eo’iations  to  a  fora,  with  which  natural  parameters  of  computing  elements  do  not  dis¬ 
turb  stability  of  work  of  the  device  as  a  whole  (I,  S,  Qradahteyn  [1  j).  However 
such  a  principle  of  set-up  also  requires  increases  of  the  quantity  of  computing 
elements  in  the  installation.  Indeed,  in  considered  example  of  solution  of  a 
third  order  equation  there  were  required  12  operational  amplifiers.  In  general  it 
is  possible  to  consider  that  for  so lu cion  of  a  third  order  differential  equation  in 
this  way  there  will  be  required,  at  least,  4n  operational  amplifiers.  Often  it  may 
be  that  a  significant  part  of  these  computing  elements  either  iri  general,  will  not 
be  used,  or  may  be  absent  during  solution  of  the  forowlated  problem  %d.th  another 
rothod  of  connection  of  computing  elements.  Increase  of  the  number  of  computing 
elements  leadr.  to  the  necessity  of  increasing  the  number  of  pc>j«r  units,  and  conse¬ 
quently,  dimensions  and  cost  of  the  installation.  Besides  this,  the  matrix  method 
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of  hftnpisrs  investigation  on  modsla  of  systems  of  sutotnstlc  control  by  sque- 
tions  of  their  dynamic  sections  which  significantly  lowers  the  graphicness  of  solu¬ 
tion  of  problems  of  automatic  control  and  hampers  research  on  syntheses  of  their 


iJn 


structures, 

ff  ^ 

^  J — I  During  composition  of  functional  dia- 

X  It . , - X  g»ms  of  connection  of  computing  elements 

^ ^  ft,  ^  X^l  ^  solution  of  dlffarontlal  equations  with 

^ -  “  variable  coefficients  one  should  provide 

possibility  of  connecting  to  the  output 
I  corresponding  *inits  voltage  dividers,  con- 

▼ 

trolled  frOTi  special  bunchers  (see  Ch.  XI). 

Fig.  176.  Functional  diagram  of  set-up 

of  computing  elements  for  solution  of  a  In  Fig.  176  ■  for  illustration  there  is 
linear  differential  equation  with  vari¬ 
able  coefficients.  brought  a  functional  diagmn  for  solution 


of  equations 


(10.10) 


Equations  with  coefficients  variable  in  time  can  also  ije  set-up  on  installation 
by  nonlinear  computing  elements,  multipliers  and  functional  generators. 

In  Fig.  177  ie  brought  a  functional  diagram  of  eet-up  of  a  Mathieu  equation 

—  2q  coi2jr)y  «=0. 

Since  the  Indeoendent  variable  in  electronic  models  is  time,  then  it  is  useful 
to  introduce  in  Mathieu 's  equation  replacement  of  variables  by  relationship 

deslgrates  here  angular  frequency  of  change  of  perimeter  q. 

A  — ^  J 

After  replacement  of  variables  we  will  receive 

^ -J- ^  ay  — -y  cot  •/-=  0. 

Expression  can  be  obtained  in  the  form  of  solution  of  the 


corresponding  differential  equation 


when  I  * 
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fig.  177*  Piinctlonal  diagram  of  set-up  of  computing 
elements  for  solution  of  a  Mathieu  equation. 


Therefore  for  cooqMsition  of  the  functional  diagram  of  Fig.  173  we  use  the 
system  of  equations: 


7F 


+ 


•• 

-j-  ay  =  *y. 


nr 


=  0. 


(10.  u) 


The  presented  method  of  presentation  of  the  right  side  of  the  set-up  equation 
as  the  solution  of  a  corresponding  differential  equation,  introduced  first  by  Bush 
for  a  mechanical  integrator,  turned  out  to  be  very  fruitful  also  for  electronic 
models . 

''onqsosition  of  functional  set-up  diagrams  of  nonlinear  differential  equations 
does  not  oresent  any  essential  peculiarities. 

A  number  of  ca?es  with  typical  nonlinear  characteristics  are  enunlned  in  Chap¬ 
ter  XIII. 
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2r  Determination  of  Transmisslona  Factors  of  Separate 
Computing  Klements  by  Coefflclentfl  of  Initial 
likjuationa,  Selection  of  ocales  of 
Representation  of  Dependent 
Variables  and  Time 

IHiring  determination  ol’  transmission  factors  of  separate  computing  elements  n/e 
will  start  from  the  position  that  processes  of  simulators  must  be  ciescribea  by  oif- 
ferential  equations  the  same  in  form  as  for  the  initial  problem,  and  initial  vari¬ 
ables  and  their  physical  analogs  and  models  can  differ  only  by  scale  factors. 
Therefore  in  principle  there  can  be  two  methods  of  determination  of  transmission 
factors  of  computing  elements  in  a  circuit.  The  first  consists  in  repLacinr  in  ini¬ 
tial  equations  variables  by  their  physical  analogs  by  the  corresponaing  transfer- 
nation.  On  the  basis  of  the  resulting  equations  wu  constitute  the  functional  set- 
set-ur  diarram.  Dy  this  diagram  we  write  equations,  connecting  variables  ''f  tno 
"'  'del,  and  these  eauations  are  compared  with  the  transformed  initial  eouati  '>ns. 

^r^n  comparis''n  of  eouati 3ns  they  determine  relationships  oetween  c '•efficients  f 
initial  eouati  >ns  and  scales  '•f  transf '•mati '*n  of  variables  on  the  ^ne  hand,  and 
trans-i  ssi ’•n  fact  rs  '•f  separate  c 'mnuting  elements  '■n  the  'ther. 

In  the  other  n»ethod  in  equations,  composed  by  functional  set-up  diagram.,  we 
effect  by  transformation  of  variables  replacement  of  physical  analogs  by  initial 
variables  ana  compare  resulting  equations  with  the  initial.  Both  systems  of  differ¬ 
ential  equations  nhouid  be  identical.  From  this  condition  there  are  cbtainea  rela¬ 
tionship  bet'ween  transmission  factors  and  scale  factors  on  the  one  hand,  and  coef¬ 
ficients  of  the  initial  system  on  the  other.  From  this  ensues  complete  equivaler.ce 
cf  both  methods  of  determination  of  transmission  factors  of  computing  elements  in  a 
cireviit. 

Both  methods  assume  composition  of  differential  equations  by  functional  set-up 
diagram.  For  each  computing  element,  participating  in  the  set-up  diagram,  one 
should  write  an  equation,  connecting  output  raegnitude  with  the  input,  renu'^bering 
rreltrinarlly  in  succession  all  computing  elements  and  their  input  and  cutpat  circuits. 
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Transndssion  factor  of  a  unit  here  acquires  a  number  in  the  index,  consisting  of 
two  or  three  figures:  the  first  figure  (or  first  two  figures)  indicates  the  number 
of  the  unit  and  the  second,  the  number  of  the  input  circuit. 

Thus,  for  example,  in  the  general  case  for  the  i-th  operational  amplifier, 
working  in  adder  regime  with  n  components,  it  is  possible  to  write 

=  (*  =  0.1.2 . *>.  (10.12) 

where  «*  — is  the  coefficient,  indicating  what  part  of  the  output  voltage  of 
the  k-th  unit  is  fed  to  the  J-th  input  of  the  given  unit  from  the  pote.^ticwneter , 
utilized  for  setting  the  coefficient  of  the  smaller  unit. 

For  a  unit,  working  in  integrator-adder  regime, 

(*=0.  I.  2 . «).  (10.13) 

When  using  operational  amplifier  as  an  adder-differentiator 


^4  =  —  KtjU^  (*:=0.  1.2 . «).  (10.14) 

Equations  of  computing  units,  working  in  scale  amplifier  regime,  and  also  utilized 
for  change  of  sign  or  integration,  can  be  obtained  from  the  given  equations  as  a 
particular  case,  when  the  nuir.ber  of  components  n  =  1. 

For  nonlinear  computing  elements  there  is  fixed  onlj'  an  ordinal  number  in  the 
diagram,  and  this  number  is  assigned  to  the  corresponding  transsdssion  factor. 
Thus,  for  a  multiplier-divider  we  have: 


^4 

^4 


(10.15) 


where  is  the  scale  factor  of  the  nultiplier,  Ti  — the  scale  factor  of  the  di¬ 
vider,  i— the  ordinal  number  of  the  unit  in  the  circuit. 

Usually  so  that  output  voltage  does  not  exceed  the  scale  of  100  v,  is 
taken  6q»»al  to  0.01  with  permissible  change  of  L'^  and  within  +  100  v.  Coeffi¬ 
cient  7,  usually  is  taken  equal  to  10  in  the  interval  of  change  of  dividend 
U^  ^  100  V  and  divisor  from  10  to  100  v. 
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For  functional  generator  of  one  argument  the  equation,  connecting  ontm^t  mag- 


nit\!Cle  with  the  input,  will  be 

In  particular,  i’or  \init3,  reproducing  giver  functions,  in  analog  there  i's 

taKon: 


t/,*IOOcoi 

U,  ^  0.01  L  2. 

10  \V'^. 

Uf^O.OOOl  ul. 
i/|  =  21.54  lT, 


(10.17) 


In  general  when  using  general-purpose  functional  generators  (for  example, 
on  electron-b^'am  tubes  in  Acaderry  of  Sciences  of  ''SSR)  magnitude  can  change  fron 
u  to  15,  and  ^  from  0.^  to  5. 

If  the  problem  is  solved  with  rigidly  fixed  coefficients,  greater  than  one, 
then  all  i,.  which,  can  change  within  limits  0<aj<l,  should  be  set  equal  t'  one. 
luring  calculation  cf  transmission  ratios  one  should  also  consider  static  tran!sri.s- 
sion  factors  of  generators,  connected  to  input  and  outjxit  cf  si.Txi later  in  case  of 
sirulation  with  elements  of  the  control  loop. 

Vvsiues  of  resistances  at  the  inyxit  cf  operational  a.T.piifior  required  for  reai- 
laation  of  given  transmission  factor  are  calculated  from  expressions: 

for  integrator  A',,  ^  . 

for  differentiator 

A  ^ 

for  scale  amplifier 

Capacitances  and  here  are  expressed  in  microfarads,  but  resistance  R  in 
rag 'hms. 

For  example  we  will  constitute  equations,  connecting  input  and  output 


magnitudes  for  separate  computing  units  of  the  functional  diagram  considered  in 
Fig.  172.  Using  relationships  (10. J2)  and  (10.13)  we  will  receire: 


t/,  _  1  -f  K^V,). 

1/,  =  —  y  (Af„t/,). 

(7,  -  1  (10.18) 

t/,  =  -  -F  K  ,^u,  4  A  „tv 


Hero  p  ^  ;  t^^  is  an  independent  w.riable  of  the  Installation  for  time. 

In  the  resulting  equations  Toltage  represents  the  sought  for  eartable  x. 
.'iolying  this  system  for  U  ,  we  receive 


(10.19) 


Magnitude  I,  can  represent  the  initial  eariable  in  a  certain  scale;  analogously 

o 

the  independent  variable,  time,  can  differ  from  tine  of  initial  problem  in  the 
sense  that  processes  on  installation  are  reproduced  in  a  somewhat  delayed  or  accel¬ 
erated  rate. 

Introducing  equations  of  transformation  of  aariablos,  we  receive: 

X  « 

(10.20) 

t  - 

where  is  the  scale  of  representation  of  imgnitude  x  in  the  installation  In  the 
form  of  voltage,  is  the  scale  factor  of  representation  of  aagnitude  y,  M^^  is 
the  tisMS  scale. 

Substituting  relationships  (10.20)  in  equation  (10.19),  we  receive  equation 
of  modelling  circuit,  written  in  trensadsslon  factors,  scele  fectors  and  initial 
variables: 
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fio.21) 


'I? 


j_  If,,  d*x  ,  d*s  .  A.,A.,A„  d'x  . 

«»■+  «f—  «3'  +  -  «|  7?  + 

I  Ifiilfy A||A,| A>|  rf*T  j  A|,A|iAi  ^n^%i  dt 

m;  t,‘+  M<  ^ 

yi»lf»ilfiilf«ilf>iA|.An  k'  It  k'  ^  ^  ^ 


yf/). 


It  is  'bYious  that  c^efflcienta  ''f  whls  eouation  should  be  eoual  t  ^  coefficients 
f  initial  eouation  (10.2). 

Efjuatln^  c '•efficients  for  correspondinf;  derivatives  and  right  sides  in  eouati  )ns 
(10.2)  and  (10.21),  receive; 


Ifu  _  *  ^  lf„A„A,. 

"TT  Zi  lij 

K,.lf..A,,A..lf„  __  ^  K„K»,K^,K,,Ku 

- L_ - 1..,..  - - 

lf|»lf||lfj|lf«(l||lft|lf»»  _  k 

lfi*lfj|lf*i^«|lf»|lf»i  1.#  _ k 

- iTiMf  ~ 


(10.22) 


From  these  relationships  it  follcers  that  during  selection  cf  transmission  and 
scale  factors  there  is  some  free  play  since  the  number  of  equations  is  less  than 
♦he  number  of  unknowns.  Therefore  for  determination  of  magnitudes  of  separate 
transmission  factors  additional  considerations  are  brought  in,  connected  with  pe¬ 
culiarities  of  work  and  properties  of  utilised  ccsnputing  elements.  Ajnong  these 
considerations  is  the  desirw  to  Urdt  error  from  sero  drift  and  the  finite  vaivje  cf 
the  amplification  factor,  and  also  not  to  aL’ow  saturation  of  separate  cranputing 
eie!r«nt3  in  process  of  solution  of  probleme  due  to  boundedness  if  linear  range 

(jt  lU.;  V). 

Experience  shows  that  maxiamr.  transmission  factor,  established  cn  corruting 
unit  (made  with  trlode  circuit  for  drift  compensation  in  the  first  cascade)  working 
its  an  integrator,  most  no  exceed  5-10  and  in  scale  block  regime  20.  For  a  com¬ 
puting  element,  made  with  autoemtic  stabilisation  of  sero  level,  the  penrdsslole 
transmission  factor  increases  accordingly  to  20  in  the  first  case  and  to  100  in  the 
second.  Here  the  adder  can  be  considered  a  scale  unit  with  equivalent  resistance 
at  input,  equal  to  resultant  resistance  of  parallels  connected  input  resistances. 
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If  for  given  values  of  coefficients  of  ixiitlal  equations  transmission  ratios  re¬ 
quired  of  operational  amplifiers  exceed  the  indicated  boundaries,  transmission 
ratios  must  be  decreased  by  reconsideration  of  'he  functional  diagram  (changes  of 
scale  factors)  or  introduction  of  additional  units. 

During  selection  of  scale  factors  one  should  see  that  solution  occurs  at  the 
highest  pemlssllbe  level  of  voltages  in  the  installation,  since  this  will  ensure 
best  use  of  its  possibilities  in  the  sense  of  obtaining  low  error  of  the  solution. 

During  calculation  of  trar. amissions  factors  for  the  case  of  fketors  of  variabls 
in  time  there  are  predetermined  thej.r  maxinua  values  and  by  these  values,  setting  all 
=  I.  we  select  values  of  K^j.  During  solution  of  a  problem  required  values 
of  transmission  factors  of  separate  units  ai’e  obtained  automatically  by  decrease 
of  these  coefficients  by  introduction  of  voltage  dividers  a^(t)  in  needed  places 
in  the  circuit.  Often  the  dividers  are  introduced  also  and  when  they  wish  to  es¬ 
tablish  a  transmission  factor  less  than  one  or  wtwin  it  is  necessary  to  pass  inves¬ 
tigation  in  a  wide  range  of  change  of  certain  coefficients  (parameters)  of  the 
initisl  system. 

Expressions  (10.22)  also  permit  one  to  fonaulate  rules  of  composition  of  rela- 
tionstups  between  transmission  factors  of  computing  units,  s^ala  factors  and  coef¬ 
ficients  of  initial  linear  differential  equations,  by  which  these  relationships  csn 
be  written  oni.v  on  the  basis  of  s  functional  set-up  diagram, 

Inceed,  each  coefficient  of  the  initial  equation  in  e  dependent  variable  or  in 
its  derivatives  is  expressed  by  the  product  of  trenamissions  factors  of  eeperate 
computing  elements  which  fora  e  cloeed  circuit,  et  whose  output  there  is  obtained 
the  considered  dependent  variable.  If  investigation  ia  conducted  not  in  natural 
time  scale  (M^  ^1),  then  this  product  of  transmission  factors  is  divided  by  scale 
factor  in  a  degree,  equal  to  the  rmmber  of  considered  coefficient  b^.  Coeffi¬ 
cient  in  an  Independent  variable  is  eqvial  tu  the  product  of  tranamlsakon  factors  of 
computing  units,  connected  in  aeries  between  the  place  of  application  of  the  Inde- 
penoent  varlsble  and  output  of  the  sought  for  dependent  verieble,  multiplied  by  the 
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ratio  of  scale  of  representation  of  the  dependent  variable  to  the  product  of  scales 
of  the  independent  variable  and  time  in  a  decree  equal  to  the  order  cf  the  highest 
ranking  derivative. 

It  is  known  that  accumcy  of  solution  of  differential  equations  on  electronic 
analog  corputers  is  higher,  the  faster  the  solution  converges.  This  nveans  that 
error  durin':  investigation  of  stable  systems  of  automatic  control  will  be  sirnifi- 
cantly  smaller,  tl»n  during  investigation  of  unstable  ones. 

In  the  latter  case  error  grows  in  time  and  can  reach  an  impermissibly  great 
ragnitude.  At  the  same  time  there  exists  a  number  of  linear  systems  cf  aiitoratic 
control  vfith  parameters  variable  in  time,  motion  of  which  on  separate  time  inter¬ 
vals  for  a  number  of  reasons  is  characteriied  by  instability,  leading  to  build-up 
cf  deflections.  The  problem  is  to  explain  the  magnitude  of  deflections  ana  nature 
cf  notion  of  the  system  on  a  given  time  interval  in  order,  by  corresponding  selec¬ 
tion  of  parameters,  to  limit  maximum  deflection  at  the  end  of  this  time  interval. 

To  solve  such  problems  on  Simula ♦  s  without  elements  of  the  conti'cl  loop  it 
is  expedient  to  introduce  a  -transformation  for  every  variable  of  the  initial  prcb- 


ler.: 


(10.23) 


where  i  is  a  sufficiently  large  positive  number.  Introduction  of  ♦  -transfer- 
ration  of  variables*  for  solution  of  such  problems  on  installations  of  type  r.Ll 
leads  tc  ebange  of  diagonal  coefficients  of  Initial  equations  by  .uar.tity  \  . 

The  resulting  new  system  cf  differential  equations  will  have  a  solution,  cbar<!»cter- 
izeri  by  oiminishing  deflections,  which  it  Is  tjcssible  wltf  efficient  accuracy  ic 
obtain  by  an  electronic  analog  computer.  For  calculation  of  solutions  of  Xi(t) 
fror  solution  of  Vj^Ct)  cf  the  stable  system  *(e  use  again  transfverrsation  equation 


•Offered  by  M.  L.  Brodakly  (see  L.  I.  Outenmakher,  N.  V.  Kv^roi'kov,  I.  A. 
Vissonov,  L.  3.  hlabukov,  and  C.  F.  Fui’mlnok  [1 J  ). 


(10.23).  For  acceleration  of  conversion  it  is  possible  to  apply  noinogrephs. 

e'hen  set-up  is  carried  out  an  a  matrix  analog,  selection  of  factor  A  can  bo 
accomplished  experimentally  on  the  actual  installation,  for  which  to  diagonal  co¬ 
efficients  •u(i  =  1.  ,  n)  there  are  added  numbers,  proportional  to 

=  1,  2,  .  .  .  ,  n)  until  the  process  of  solution  on  the  installation  converges. 
Indeed,  if  the  initial  system  of  equations  is  reduced  to  the  form: 

•••  -Kaux.)-t  AU). 

=  -  ••  -f  +  /j(0. 

with  initial  conditions  Xj^(O),  X2(0),  .  .  .,  ^(0)»  after  transition  to  vari¬ 
ables  . we  will  receive 

*1  ^  =  V)yi-|-  «„y,  4-...  -fa,,y,|-f /,(/)#-*', 

a, |«,,y,  4- («ia -f  ♦il)yi  4- •  •  •  4- a^jiy,! -f 

~4t'  ~  l®«iy|  4"  4“  •  •  • 

-4(e^  F^MyJ4  /.U)r 


From  comparison  of  transformed  and  initial  3y3ten'>s  there  ensues  the  abc/e-inui- 
cated  rule  of  change  of  coefficients  of  an  initial  system  of  equations  for  finding 
the  required  value  of  , 

••■hen  the  tniti/il  systei  of  equations  is  set  up  on  an  installation  of  struc¬ 
tural  type  with  respect  to  the  general  differential  equation  of  a  system  with  con¬ 
stant  coefficients 

*•  4-  1  4-  .  .  4-  —  -r  a*  **  /U). 

for  determination  of  the  required  value  of  ^  it  is  possible  to  use  known  theorems 
of  algebra  (A.  G.  Kurosh  Llj  )  about  limits  cf  rocts  of  a  polynomial  F(x).  For 


example,  it  is  pK.}Ssihle  tc  use  the  calculation 


^<»4- 


Idi 

I*.! 


(10.24) 


where  M  is  the  upper  limit  of  moduli  of  all  real  and  complex  roots  of  a  characteristic 
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equat.'^ort,  |^|  is  the  modulus  of  the  largest  coefficient,  is  the  moauius  cl' 

the  leading  coefficient. 


If  cfjefficients  of  the  characteristic  equation  are  positive,  it  is  possible  to 
use  a  generalization  of  (iockay's  theorem  according  to  which  moduli  of  roots  of  char¬ 
acteristic  equation  **  are  enclosed  between  numbers  m  and  M,  the  least  and  greatest 
ratio  of  a  subsequent  coefficient  of  the  considered  characteristic  equation  tc  the 
preceding  one.  Knowing  magnitude  A  it  is  possible  to  calculate  coefficients  of  a 

new  equation,  subject  to  solution  on  an  installation  by  Horner  formulas: 

D*(X) 


k\ 


where 


i 

and  H(p)  is  characteristic  polynomial  of  initial  equation.  It  is  necessary  tc  note 
that  initial  conditions  for  transformed  equation  ana  the  initial  remain  with  this 
identical. 

In  the  transformed  equation  only  coefficients  of  the  left  and  the  form  of  the 
right  side  change. 


3.  Determination  of  Initial  Conditions 
anu  Disturbing  Forces 

To  determine  initial  conditions  and  disturbing  forces  in  those  phj'’5ical  quan- 
titi?*s,  in  which  they  are  represented  in  the  compniter,  one  should  use  transforma¬ 
tions  (10.20),  Thus,  for  example,  if  in  solving  differential  equation  (10.2)  we 

are  given  initial  conditions: 

jr<i*<0)=C,.  jt**'(0)^C,.  x'»'(0)  =  Cj. 
jr<M0)*C«.  x‘»»(0)  =  C,. 

and  disturbance  y(t)  =  B  =  const,  then  on  the  basis  of  equation  (10,20)  we  will  re- 


ceive 

whence 

and 

as  ==  -^  =»  const. 

(10.25) 
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In  order  to  find  «xpr®3sion3  for  initial  conditions  for  remaining  derivatives. 


vfe  ijd.iI  U5?e  equations  (iO.lS), 

On  the  basis  of  these  equations  we  obtain: 

^  ~  =  -  -^JL_ 

If  I'Av _ W _ 

u^(Q)  —  'irr-r~  —  i^nrirr  • 


x*^<0) 


U  /Q\ _ _  Jf**  (0>  _  _  _ 


C, 


C, 


MfAaiK  tiKiiKu  ^  gK%tKnK4i^ii 

(0)  __  C, 


At'i,  Ai',  I /C,|  A.e, 


If  disturbance  represents  a  given  function  of  time,  it  can  be  reproduced  on 
the  installation  by  solution  of  a  certain  auxiliary  equation  (see  page  331)  or  by 
inti*oduction  of  a  buncher  of  coefficients.  In  the  latter  case  it  is  useful  to  pre¬ 
sent  y(t)  in  the  form 

=  (10,26) 


where  y  is  the  maxuaum  value,  taken  by  function  y(t)  on  considered  tiite  interval. 

ymax 

Here  Uy  =  My  =  const,  and  change  of  Uy  in  time  is  carried  out  by  the  buncher, 
as  shown  in  Fig.  178. 


r~ 

fl,  ,  f"' 

ft'- 

.1 

J 

Fig,  178,  Met.hod  of  intro¬ 
duction  in  analog  of  given 
functions  of  time. 
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^inulatlng  Syatems  of  Automatic  Control 
With  Very  T^rge  Time  Const&nts 

r-uring  investigation  of  these  systems  of  automatic  control  on  analogs  vdthout 
elements  of  a  regulator  the  problem  boils  down  to  selection  of  proper  time  scale. 

By  introduction  of  a  tin»  scale  they  reduce  speed  of  model  processes  to  such  »  mag¬ 
nitude,  there  is  no  error  due  to  leaks  and  output  beyond  the  passband  of  separate 
computing  elements. 

In  case  of  work  with  elements  of  a  regulator,  naturally,  xt  is  nece^sai^/  to 
keep  the  tire  scale  natural,  and  then  in  slowly  flowing  processes  of  adjustment  it 
is  necessary  to  solve  differential  equations  with  minute  coefficients.  Indeed,  let 
us  assxme  that  on  the  analog  there  will  be  investigated  a  controlled  r.emt^,',  de¬ 
scribed  by  differential  equation 

(g*  -f  7kp  -i  «ij|  X  .=  (10,27) 

and  let  the  period  of  natural  oscillations  of  the  object  be  T  =  15  minutes,  and 
their  attenuation  such  that  with  aero  initial  conditions  and  a  step-by-step  change 
of  y  the  X  coordinate  roaches  95%  during  the  time  t  =  2T, 

In  these  conditions 

A  ^  In^  ^  1,6  10*.  10'*. 

Functional  set-up  diagram  of  differential  equation  (10.27)  on  installation  is 
shoifn  in  Fig.  179. 

On  the  basis  of  presented  method  coefficients  of  initial  equation  are  connected 
with  parameters  of  computing  units  by  relationships: 

AL  *1  j  __  4  __  _ 

Taking  =  ^13*"1  ~  ^21^'2  ~  \l^3  ~  ^  *^31  ~  ^  obtain 

AAf 

•i  as  3b  0.003,  =3  49  lO"*'.  a„x,  ss  ; 

*3 “ ^ 0.007,  *  -=  1.  obtain  “  •  and  =  I. 

Thus  during  modeling  of  slow  processes  there  is  no  necessity  to  have  capacitors 

of  very  great  capacity  for  integrators,  large  time  constants  it  is  possible  to 

reproduce  by  combination  of  the  usual  integrators  and  dividers.  Here  one  should 


« 


Fig,  179.  Fimctional  set-up  diagram  on 
simulator  of  equation  of  an  object  vdth 
slow  processes. 


apply  operational  amplifiers  with  automatic  stabilization  of  zero  level  and  turn 
special  attention  to  eliminating  possible  leaks  between  tneir  integrating  point  and 
output,  especially  during  work  as  an  Integrator.  A  number  of  practical  methods  of 
decreasing  these  leaks  is  considered  in  Chapter  IX. 


5.  Examples  of  Solution  of  Problems 

Solution  of  linear  differential  equation  with  constant  coefficients.  Let  us 
assume  that  it  is  required  to  find  in  full  time  scalb  solution  of  the  differential 
equation 


if»jr 


+  (10.28) 
with  given  initial  conditions;  x(0)  «  1,  x^^^(O)  ■  0,  x^^Ho)  *  0,  x^^^(O)  «  0, 
x^^^(O)  =  0,  x^^^(O)  *  0  and  the  following  nunsrical  values  of  coefficients: 


rf*jr 


4m 


»  3.  3.75.  5,  =  2.5.  5,  0.937.  5,  O.I»7. 

0.0155.  ^  --0. 

The  functional  set-up  diagram  of  the  problem  is  shown  in  Fig.  180.  It  differs 
frOTi  the  one  .considered  earlier  (see  Fig.  172)  by  inclusion  of  two  voltage  dividers 
(X,.  Xj)  for  reproduction  of  coefficients  less  than  one.  Using  the  relationship 
received  earlier  (10.22)  between  transmission  factors  of  separate  units  and  coeffi¬ 
cients  of  initial  eqiuttlon,  we  will,  receive  when  ■  2.. 
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Fig.  180.  Functional  s«t-up  diagram  of  differential 
equation  of  sixth  order  with  wide  range  of  nagnitudes 
of  coefficienta. 


=*  3.  —  3.75.  A,jAj,Aj|  —  2.5, 

==  0.937,  --  0.187, 

0.0155. 

Taking  “  Kj_j  -  "  ''u  “  "51  *  "61  *  "73  '  1.  «  '  3.75. 

f-ll  =  2.5,  Itjj,  -  3.0.  =  0.937  and 

•,«  0.187,  *,  =  0.0155. 

To  guarantee  work  at  the  highest  possible  le^el  of  voltages  in  the  tnsullation 
we  select  scale  proceeding  from  the  fact  that  x  =  1  corresponded  to  i’  »  lOO  v. 
Then 

17"*^  Tsar 

Voltage  of  Initial  conditions  is 

^*(0)  •*  "j|^  **  “  100*. 

On  the  oscillogram  of  Fig,  181  there  is  brought  solution  of  considered  equation, 
received  on  computer  Ccwparison  with  calculating  data  shows  that  relative 

error  does  not  exceed  K. 


Fig.  181,  Reault  of  solution  of  linear  differential  equa- 
ticm  of  sixth  order. 
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Solution  of  Mathleu  eqtmtlon*  It  is  required  to  find  periodic  solution  of  the 


equation 

g  +  («-2^co»2x)y-.0  (10.29) 

when  y(0)  =  1,  y(0)  =  0  end  q  *  2. 

As  it  is  known,  periodic  solutions  for  the  given  q  ^eke  piece  not  for  ell  vel- 
ues  of  coefficient  e. 

If  we  went  to  obtain  e  periodic  solution  of  the  form 


where 


X). 


>*1 


Tm€  X)  • 


(10.30: 


then,  using  known  relationships  or  tables  (see  M.  Strett  [Ij),  we  find  that  e  =  aj|^= 
=  2.38.  Replacing  independent  variable  x  by  tijjw  t,  move  to  system  of  eqxietions 
(10.11),  whoso  set~up  on  a  computer  is  shown  in  Fig.  177 

Equations  of  voltages  for  separate  computing  units  of  the  circuit  give: 


I/,  -  -  1 


Solving  systems  of  equations  (10,31)  and  (10.32)  for  U„  and  U^, 

(/,  =  0. 

-f"  *  ®' 


(10.31) 


(10.32) 

we  will  obtain 


Introducing  equations  of  transformation  of  variables  y  ■  *  "  ^a'^5» 

we  will  obtain 

"h  ?« ■  I  (10.33 ) 

g»x  +  lf,,Af,.Ar^r=0  I 
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Covpftrlson  of  eoefficiants  in  equations  (10.33)  and  (10.11)  gives 

Initial  conditions  are  determined  on  the  basis  of  transformation  equations  of 
variable  relationships 

when  q  “  2,  a  *  2.33,  0.1,  7(0)  -  1,  t(0)  •  “1,  •  “  1  we  will  obUin 


^tt^u  *  0.M5.  =*  I.  -jj—  ^,1^11  = 


10. 


Taking  «  1,  ¥-2^  “  1,  ¥^  -  1,  we  will  obtain  -  0.595,  M,  “  0,1.  Knowing 
Mj,  we  find 


«(0)  I 


10  V. 


Scale  M  oust  be  select  such  that  units  do  not  leave  the  bounds  of  linearity. 

J 


Let  "  0,02;  then 


Change  of  magnitude  112(0)  influences  only  the  scale  of  the  obtained  curve,  and 
not  on  its  shape.  In  Fig.  132a  and  b  are  brought  results  of  solution  of  this 
problem  on  cooputer  ElU-5  for  a  quajrter  period  and  for  several  peiriods  of  solution. 
Error  of  solution  on  the  first  quarter  period  does  not  exceed  2.5^ 

Solution  of  problem  of  oscillation  of  rotor  of  synchronous  machine  with  step 
disturbance.  Equation  of  machine  without  considering  damping  and  electromagnetic 
processes  in  coils  can  bo  approxiaatelj  presented  in  the  form 

^ -f*  ^  ^  (10.34) 

where  |  is  the  angle  of  displacesant  of  axis  of  the  rotor  flux  with  respect  to  the 

axis  resultant  stator  flux,  F(t)  is  aceeleretion,  equili valent  to  applied  distur* 

banco,  A  is  magnitude,  proportional  to  synchroniaing  moaent.  It  is  required  to 

find  t^e  nature  of  change  of  AtO  for  various  values  of  F(t),  given  in  the  fora  of 

a  step  f\tnction  with  A  >  2  and  aero  initial  conditions 

I(0)«i0.  i(0)  — 0. 

Functional  set-up  diagram  in  accordance  with  equaticm  (10,34)  is  shown  in  Fig. 
133.  Equations  of  voltagaa  for  aaparata  computing  units  will  ba: 
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Up.  182.  Resul*  s  of  solution  of  M&thieu  oquAtion. 


^  f  K,jL\).  Lfj  ^  - 


Solving  these  equations  for  voltage  U-,  we  will  receive 

-i  AC, tinder,)  .  K,^K^^V,. 

Introducing  equations  of  transformation  of  variables 

I F  [t)  .  Mfir,.  .M,  I 
and  changing  to  initial  variables,  we  will  receive 

i?  ^  («" -  F  (/). 

I'onparing  equations  (lO.U)  and  (10.37),  we  obuin 

A .4,  ^  \  .  I. 


C  c 


Fig.  183.  Functional  set^p  diagrajn 
of  ctwiputing  elements  for  solution  of 
problem  of  oscillation  of  rotor  of 
synchronous  machine. 


(10.35) 


(10.36) 


(10.37) 
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In  f\inctlon&l  ^nerators  of  computer  f'MJ-5  for  trif^onometric  functions  we  take 


’j  -  100  and  Therefore 

^  *‘21  “  ^  1,  we  obtain: 


When  k  -  2  and  K , ^  -  K  ^ , 

lx  JLi. 


In  Fip,  184  is  presented  the  oscillogram  of  the  solution.  Comparison  f  t.he 
riven  osciilogram  with  results,  recieved  on  a  mechanical  integrator  (see  I,  M. 
Markevich  1  ),  shows  that  error  of  solution  does  not  exceed  2t. 


Fig.  184.  Results  of  solution  of  problem 
of  oscillation  of  rotor  of  synchronous 
machine. 

KKY:  (a)  ;  (b)  sec. 
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CHAPTER  XI 


cilMJ LATINO  LINEARIZED  SYSTEMS  OF  AUTOMATIC  CONTROL 

In  principle  every  system  of  eutonetic  control  during  strict  calculation  of 
various  acting  factors  is  described  by  a  nonlinear  system  of  differential  equations. 
Linearised  systems  therefore  are  only  coarse  models,  as  it  «as  a  first  approximation 
of  the  studied  or  recreated  system  of  automatic  control. 

If  in  a  number  of  cases  the  stability  of  the  initial  system  can  be  judged  by 
the  stability  of  its  linear  model*,  with  respect  to  the  quality  of  the  transient 
this  can  bo  done,  apparently,  only  for  a  very  limited  class  of  systems. 

One  can  create  the  Impression  that  in  these  circumatances  investigation  of 
transients  of  linear  taodels  of  CAP  loses  its  meaning  in  general,  and,  in  particular, 
there  is  no  sense  for  solving  these  problems  in  applying  electronic  siimilators. 
However  the  nstter  is  not  so.  As  we  know,  development  of  svstenui  of  automatic  con¬ 
trol  is  conducted  in  separate  stages.  On  the  firet  stage,  when  the  initial  struc¬ 
ture  of  the  system  is  explained  artd  there  are  established  technical  requirements  on 
the  object  and  regulator,  analysis  of  a  linearlaed  system  gives  neceseary  initial 
data.  Furthermore,  analysis  of  a  linearised  model  serves  during  further  investi¬ 
gation  fcr  cotsparlcsn  and  explanation  of  influence  of  separate  nonlinear 

•tiee,  for  exarpie,  K.  A,  Aysenmn  11 J, 


d*p«ncliinc«t,  4ccoapimying  ptqnicftl  rMlliatlon  of  th«  sysUn,  lying  At  th«  basis 
of  ths  principle  of  action  of  th^  ob.lect  or  regulator,  or  Introduced  artificially 
for  the  purpose  of  Iwprovewant  of  dynaalc  propertiei  of  the 

Application  of  electronic  ar*alog  cooputera  alloora  us  to  accelerate  and  facili¬ 
tate  inTsstigation  of  stability  end  transiants  in  llnaariiad  susteas,  especially 
when  they  are  ckiscrlbed  by  differential  equations  of  a  high  orde^-  with  variable 
coefficients  and  constant  delay. 

Equally  with  thia  cooLination  of  linear  ^eodel  i  an  object  in  the  forr,  of  in 
electi*onic  integratwr  with  elements  of  control  equiptaer.t  gives  ths  possibility  to 
consider  the  influence  of  deflect! one  of  technological  order  and  earlier  ignored  non¬ 
linear  depandencas  in  this  aqulpe»nt. 

Solution  of  linaarlaad  systama  appears  also  of  great  help  during  checking  of 
correetTvses  of  set-up  and  solution  of  nonlinear  problems  on  electronic  integrators. 

chsck  Is  carried  out  by  eeans  of  oximijn  transition  to  a  linear  system,  for 
wtdeh  it  itt  easy  to  amlytically  estimate  stability  and  certain  characteristics  cf 
transients.  It  is  necssauy  to  note  that  obtaining  of  correct  remilts  with  the 
help  of  ■athematical  coegsiters  of  any  types  requires  fron  the  researcher  a  clear 
idea  of  the  physical  processes  in  ths  system,  skill  to  sstimete  a  number  of  partial 
solutions,  obtained  as  the  i^eult  of  such  inrestigatlon. 

Autgaatlc  Control  with 
Censt^t  )^*araaeters 

Let  us  consider  as  an  exaay)le  simulation  of  the  processes  of  automatic  control 
of  speed  of  d-«  motor,  fed  fro*  a  generator  with  regulated  voltage.  A  skeleton 
diagrat  of  such  a  system  cf  automatic  ccmtrol  is  shown  In  Fig.  165*  Equati<w)s  of 
motion  of  considered  system  of  eutcmatic  control  efter  lineansatlcKi  and  disregeni 
of  reaction  of  armature  and  induetatkoe  of  armature  circuits  of  generator  and  laotor 
ean  ba  preaanted  in  the  form  of  the  following  system: 
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Mg.  185.  ^XindaMrital  circuit  of  bIju- 
of  procBSMS' of  AutoiMtic  control 
of  ap®«<l  of  d-c  notor.  B— Bxcit^r,  r  — 
g«n«rator,  JJ  — «otor,  T — t«chog«n«nitor. 
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It  is  n«c«88&r7  to  explain  ttAbility  of  such  a  system  of  sutonatic  control  and 
thi  infiuoncs  on  stability  and  nature  of  traassients  of  iaposltion  of  internal  feed¬ 


back  with  respect  to  acceleration  of  regulated  motor  with  the  following  numerical 


values  of  parameters  of  the  system: 


M  V  sec 


=  48  kg-o 


.  _  ,  V  sec 


T^  —  0^  sec 


fj ^0.5  sec  ^  ^  I  sec 


A,  =  5.  A,  =  5.  A,  =  10.  2,  —  I  to 


Before  Investigation  on  an  electronic  model  it  is  expedient  preliminarily  to 
explain  idMther  the  system  is  stable  for  the  given  numerical  values  of  parameters. 
With  this  aim  it  is  possible  to  use  known  critexla  of  stability  of  linear  systems. 
The  quickeot  is  the  modification  of  Routh's  criterion  little-known  in  automatic  con¬ 
trol  practice,  offered  by  A,  M,  Kats,  useful  for  systems  of  any  order. 

In  order  to  explain  stability  of  a  system,  it  is  sufficient  according  to  this 
criterion  to  constitute  a  table  from  coefficients  of  the  characteristic  equation  and 
prove  that  diagonal  members  of  this  table  are  all  greater  than  zero.  Below  is  de¬ 
scribed  a  sample  of  composition  of  Kats'  tabl^  for  the  characteristic  sixth  order 


equation 


1^4  4  4  «a/>’  4  e^p  4  ««  — 


(11.7) 


System  is  sUble  when  a,  >  0.  >  0.  f,  >0.  rf,  >  0,  >  0.  /*  >  0. 

In  the  considered  case  the  characteristic  equation  will  be  of  the  third  order: 


where 


/•-h  «>*  4  «»A  4  ~  0. 

•  I  *  1  •  l-l  »  1  *  i  *  10 


(U.8) 
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Table  VII 


j  ^ 

•t 

j 

*«*««—*» 

!  1 

\k  •*  ‘ 

*  i:  1 

1 

i 

ft 

1 

f .  -  J 

! 

1 

1  >  f 

u#. 

1  1 

1 

-e. 

—  rf,  — 

I 

1 

1  ! 

! 

Kata'  Table  for  that  case  has  the  form 

Table  VIII 


I 

1 

•» 

A,  «■  a,  —  A, 

1 

1 

j  A-** 

and  leads  for  positive  a2,  a^,  and  aQ  to  the  known  Hurwitz  criterion  of  stability 

•i«i>ep.  (11.9) 

For  given  numerical  values  of  parameters  this  criterion  is  not  satisfied,  and 
therefore,  if  by  considerations  of  accuracy  it  is  undesirable  to  lower  magnitude 
by  a  decrease  of  the  total  amplification  factor  of  the  system,  then  it  is  neces¬ 
sary  to  introduce  means  of  stabilization. 

Introduction  of  a  signal,  proportional  to  acceleration  of  motor,  leads  to  in¬ 


crease  of  coefficient  a-i: 

X 


/“(  +  ft  -f-  *« 

w; — * 


(U.IO) 


and,  consequently,  satisfaction  of  criterion  of  stability  (11.9)  with  paroper  selec¬ 
tion  of  coefficient  in  the  acceleration  signal. 

Using  the  metnod  brought  in  chapter  X,  we  will  constitute  a  diagram  of  connec¬ 
tion  of  operational  amplifiers  and  calculate  their  transmission  factors  for  solution 
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Fig.  186.  Functional  diags«a  of  Mt^p  of  equa¬ 
tions,  doseribing  processes  of  aut^tie  control 
of  speed  of  d-c  motor. 


of  the  system  differential  equations  (11.1  -  11.6)  in  the  absence  and  In  the  pres¬ 
ence  of  the  acceleration  signal. 

With  intro^ction  of  acceleration  signal  after  siinple  transfonrations  we  will 
obtain: 


- - 

SO  ^  Q  I  •« 


(11.11) 


The  functional  set-up  diagiam  of  these  equations  Is  shown  in  Fig.  186. 
Equations  of  separate  vinits  of  the  circuit  of  Fig,  186  will  be; 

+  /Cut/  \ 

t/jaa  -  -f 

(/j  * 

«/,«*-  (K^tU,  4  K^V  4 

Intr'  duclng  equations  of  transformatuon  of  variable: 
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we  will  obtain: 


dt 


M, 


dQ 


Mt 


dt 


“  -M;;ja^  a;  ^•■ 

**  0  F 


TT 


"  .,2 


(U.12) 


Comparison  of  the  received  system  of  equations  (11,12)  with  the  initial  (11,11)  givss 


«o 


I 


I  #f|4  dlKf 

Tj  M)  ‘  ~7j  MfMi 

k^Kjkf  K(j  Mg  li,f(fk,  fCit^tMg 

~Tr”“'S7‘^‘  "T~  * 

I  ACjrt  #c, 

T,  X 

iT’  ^ 


M, 

Mg^Kn 
I  #C;QAfa 


We  select  the  time  scale,  proceeding  from  the  condition  that  frequency  of  pro¬ 
cesses  does  not  exceed  the  passband  of  the  computing  elements  of  the  installation. 
Estimating  coarsely  duration  of  process  of  adjustment  by  magnitude  of  the 
largest  time  constant  =  1  sec,  we  will  take  =  1,  Here  duration  of  processes 
in  the  simulator  will  be  equal  to  duration  of  processes  in  initial  system.  Re¬ 
maining  scale  factors,  coefficients  and  «»  ,  are  selected  from  condition  of 
work  of  computing  elements  within  limits  of  permissible  error  and  the  linear  rar»ge 
of  change  of  output  voltage. 

For  the  given  numerical  values  of  parameters  we  obtain: 


nr 

f(x^ 

mxr 


10. 


Mg  K„ 

=  -  500. 


nr  ~ir 

M,  M, 


^  =  500. 


„S0(V  -^=s. 


=  10. 
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IQii^ 


=  -  0.25. 
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Wh*n  -  1  wt  Ukc  -100,  ^  "  -1.  \  “  -10|  *<Uo  “ 
At  ft  rtralt  «,  >■  1  wt  find: 


IfM-IO. 

If,, -5. 

lftt-5. 

^n*4  “ 

If««100. 

If»-i. 

lf„  -  2.5. 

/r  — 

£/•--  4.81.. 

>1  S  1. 

Timnasdstlon  ftetor  K22  *  100  It  cftrriftd  out  by  eonnftctlng  to  th«  fe«dbftck 
circuit  of  optrfttional  ftinplifitr  No.  2  ft  cftpftcitor  %d.th  cftpftcltftnct  C  *  0.1  nucro- 
farftd,  ftnd  ftt  input  of  retlttor  ■  100  kHohn,  ”  2  it  har«  carried  by  feeding 
input  impedance  R22  *  ^  megohm  from  dlrider  •i  0.2. 

In  Fig.  187  are  brought  oteiUogramt  of  transient t  in  the  inrestigated  system, 
received  idLth  the  help  of  electronic  model  9fU-5  accordingly  in  the  absence  of  feed¬ 
back  with  respect  to  acceleration  and  with  Introduction  of  this  feedback  with  coef¬ 
ficient  k^  *  0.159  and  application  to  t)w  shaft  of  the  motor  of  a  constant  moment 
of  lead  48  kg-m. 

As  follows  from  the  data,  brought  :’ji  the  oscillograms,  coincidence  with  calcu¬ 
lated  values  is  sufficiently  near. 

•1 

_ 0.096  rdn/eec 


A$2 


»Cf. 


1  + 


AiAfAjAT” 


— rdn/eec 

Frequency  of  process  it  is  possible  tentatively  to  estimate  by  equation  (11.8), 
using  formula 


—  (C— 2^), 


(11.13) 


where  \  is  a  real  root,  and  -  i  ±y»  — are  complex  roots  of  equation  (11.8). 

For  process  with  small  attenuation  it  is  possible  in  expressions  (11.13)  to 

»  1  2 

disregard  magnitude  27  as  compared  with  \  and  1  as  compared  with  w  * 

Then  we  will  obtain: 

rdn/sec  *^-9  rdn/sec. 

With  the  help  of  electronic  models  it  is  possibls  also  to  determine  in  the  plane 
of  parameters  of  ad^stawnt  of  the  boundary  of  the  region  of  stability,  boundaries 
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Fig.  OaciUogmns  of  transients  of  auto¬ 

matic  '  ntrol  of  spesd  of  d-c  motor. 

KEY;  (a)  Sec;  (b)  Kg-m;  (c)  rdn  . 

see 

of  the  region  trlth  given  qualities  of  the  transient,  and  execute  rapid  sexeetlon  of 
parameters  of  various  means  of  stabllliation.  This  allows  to  accumulate  factual 
material  about  properties  of  separate  classes  of  sysUnns  of  autooatlc  control  and 
thereby  to  fill  the  gap  existing  at  present  in  theories  of  automatic  control. 


2.  Simulating  Systems  of  Autocaetle  Control  with 
Parameters  Variable  in  Time 

To  differential  equations  with  coefficients  variable  in  time  are  brought  prob¬ 
lems  of  investigation  dynamics  of  processes  of  stabiliaatlon  of  motion  of  flying  ob¬ 
jects  about  the  center  of  gravity  with  variable  flight  speed.  As  an  example  let  us 
consider  simulating  Isolated  motions  of  banking  and  course  with  exMonts  of  stabili¬ 
sation  equipment. 

Slitulation  of  connected  motion  does  not  present  any  principal  peculiarities, 
with  the  exception  of  the  appearance  of  additional  cross  connections  in  the  set-up 
diagram. 
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Fig,  188.  DlAgram  of  union  of  model  with 
stabilise tlon  equipment. 

1—- feedback  potentlomsters,  2— steering 
motors,  3— relay  units,  4 — amplifier,  5— 
modulator,  6— differentiating  cell,  7— 
potentiometers  for  receiving  signal,  pro¬ 
portional  to  deflection  of  steering  mo¬ 
tor,  8— load  stand,  A«-analog,  B— stabil¬ 
isation  equipment. 


Equation  of  motion  of  object  with  respwct  to  banking  in  this  consideration  will 
differ  from  eqiiatlon  (1.16)  by  the  fact  that  coefficients  and  82  are  no  longer 
constant,  and  functions  of  time  are  given: 

±  (11. U) 

where  F(t)  «  82(1) ^  is  the  disturbance  acting  on  the  object.  | 

f; 

The  diagram  of  coupling  the  model  with  stabilisation  equipment,  is  shown  in  j 

I 

Fig.  188.  In  the  general  ease  at  places  of  union  with  real  equipment  there  must  be  \ 

\ 

established  converters,  whose  transmisslcm  factors  dictate  selection  of  scale  fac-  ‘ 

I 

tors  of  conversion  of  correspwndlng  variables.  | 

In  the  considered  problem  tension,  representing  the  regulated  coordinate  in  the  1 
model,  is  converted  bj  a  spwcial  device  into  the  angle  of  rotation  either  of  all  the  [ 
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stAbiliiAtion  equipment,  or  only  of  ite  sensory— e  gyroscopic  instrument.  In  those 
cases,  «^ere  dynamics  of  the  gyroscopic  instrument  can  be  disregarded,  the  need  for 
a  converter  drops. 

Output  of  stabilization  equipment  is  connected  with  input  of  simulator  by  po¬ 
tentiometers.  Voltage  from  cursoirs  of  potentiometers,  proportional  to  angle  of  ro¬ 
tation  of  steering  motors,  moves  to  input  of  model.  Here  on  shaft  of  the  steering 
device  there  should  be  reproduced  load  (hinged  moments)  by  the  help  of  a  special 
load  stand.  This  load  can  change  in  time  and  depend  on  the  angle  of  displacement  of 
the  steering  wheel  and  the  coordinates  of  the  object  (angle  of  incidence  or  angle 
of  slipping).  As  such  a  load  device  in  the  simplest  cases  we  apply  stands  equipped 
with  springs  (Fig.  189). 


Fig.  189.  Fundamental  circuit  of  load  stand. 
PH— steering  machine,  P— reductor,  .7  —spring 
mechanism. 


Set-vp  of  the  equation  of  mction  of  the  object  is  conducted  by  wayiwmn  values 
of  coefficients  for  the  considered  time  interval,  and  to  output  of  the  corresponding 
units  of  the  ciroxit  are  connected  voltage  dividers,  bringing  at  every  mooent  of  tlnB 
the  voltage  to  the  output  of  the  units  to  the  required  value. 

Let  us  assume  that  in  the  considered  problem  *  4.45,  B2  *  309, 

the  gyroscope  is  taken  as  a  aero-inoment  element  with  transmission  factor  2.3 
v/deg,  and  potentloiMtera  on  steering  aachines  will  convert  the  angle  of  rotation 
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Tig,  190.  Functional  diagram  of  modeling  of  equations 
of  banking  with  variable  parameters. 


of  steering  wheels  >.  into  voltage  U  ^  with  transmission  factor  *,  =  1. 

The  set-up  diagram  is  shown  in  Fig.  190  a. 

Equations  of  separate  computing  elements  give 

After  transformation  of  variables  *®**»^^i  T*  “  ^ 


ceive 

**•  «  V  (11.15) 

Comparing  equation  (11.15)  with  initial  equation,  in  which  coordinate  7  is 

replaced  by  U^.  substitution  U^.  “  ,  we  will  receive 

«  a,  (0.  k,Bf  ut  . 

During  Investigation  kith  elements  of  control  ioop  “  1.  Furthermore,  it  is 
necessary  to  take  *  1  sc  that  it  is  possible  directly  to  feed  output  voltage  of 
installation  to  the  differentiating  circuit  of  the  equipnwnt. 

Therefore  finally  we  obtain  when  xa  a,U)  1  ^  A, -i| 


Ifn  "•  ^  4.45, 

^  ••i  =  ^11- 
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These  trensmission  factors  could  have  been  reelised  on  two  units  of  this  cir¬ 
cuit,  coefficients  and  B2  were  constant.  In  this  case  in  the  first  unit  it 
wou_..  ,ve  been  possible  to  realise  a  transmisiion  Auction  of  the  order  of  50  by 
selection  of  a  capacitor  with  0,1  microfarad  capacity  and  resistors  “  ^lj2  * 

=  200  kilohm,  and  =  2,24  megohm.  Transmission  factor  of  the  second  unit  here 
should  have  been  =  14,2  which  for  operational  amplifiers  with  automatic  stabili¬ 
zation  of  zero  level  can  be  considered  permissible. 

Considering  that,  coefficient  can  also  take  zero  values,  it  is  necessary  to 
supplement  the  circuit  with  amplifiers  at  input  and  output  (Fig.  190b). 

Before  solving  a  problem  with  variable  coefficients  and  real  equipewnt,  it  is 
useful  to  prove  the  cori'ectness  of  set-up  and  solution  of  equations  on  models  for 
several  fixed  values  .f  coefficients. 

Analytic  solution  of  equation  (11. 14)  with  ^  (O)  -0,  9(0)  0,  F(t)  «  — 

and  constant  coefficients  gives 

,  (11.16) 

In  Fig.  191  is  brought  the  oscillogram  of  solution  of  this  equation  on  a  model 
for  0.98,  =  19.8  and  ^  *  1.9,  and  in  the  table  are  brought  results  of  com¬ 

parison  of  this  solutio?.  with  the  analytic  one.  The  table  lAdioates  the  near  co¬ 
incidence  of  calculated  and  experimental  data. 

In  Fig.  192a  are  brought  oeelUograM  of  change  of  coordinate  w  during  eolutlon 
of  a  problem  with  variable  coefficients,  given  by  graphs  in  Fig,  192b.  From  the 
oscillogram  one  may  see  characteristic  change  of  period  of  oecillations  ,  which  fel¬ 
lows  a  change  of  coefficient  B2  in  time.  Transients  during  application  and  removal 
cf  disturbance  converge  to  natural  oecillations  which  bears  tdiness  to  the  preaence 
of  nonlinearities  in  the  stabilization  equipment. 

In  the  cise  of  stabilization  of  course  motion  it  ia  necesaary  to  aolre  on  the 
model  system  of  differential  equations  (2.5)  with  the  distinction  that  coefficients 
^1*  *4’  *5  *6  functions  of  time. 
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Fig.  191.  On  checking  accu¬ 
racy  of  solution. 

KEY:  (a)  In  deg;  (b)  oec. 
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Fig.  192.  Processes  of  stabilisation  of  banking  with 
variable  paraoeters  and  suppiyi.ng  and  rejscvai  of  dis¬ 
turbing  noment. 

KEY:  (a)  Ti*e  T  s  c;  (b)  Experiifttnlai;  (c)  Calculated; 
(d)  Deg;  (e)  Kg-at;  (f)  Equation  c-f  object;  (g)  oec. 


Proceeding  by  the  above-statad  method,  we  arrive  at  the  set-up  diagra®  brought 
in  Fig.  193.  Aa  in  the  preceding  case,  it  is  useful  before  beginning  a  solution 
with  coefficients  variable  in  time  to  checK  accuracy  of  solution  of  equations  on 
the  iK>dei. 

SolAitlon  of  system  (2.y)  for  coordinate  ^  unoer  the  condition  that  ^  v,  ois 
turbaneee  Fjj  -  »  0,  coefficients  arc  constant  and  steering  w>>eela  at  tscwent 
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Fig»  193.  Functional  diAgnun  of  BKxlollng  of 
•q?;it:ion  of  course  notion  trith  vsriabl#  psrm> 
meters. 

KEY:  (a)  Disturbance;  (b)  To  autopilot. 


t  *  0  are  instantly  shifted  an  angle  q,.  leads  to  equation 

^>^7  f  {'<»■-<,  4  -  A^A^\4  7 

The  integral  of  this  differential  equation  in  the  case  of  coaplex  roots  of 


the  characteristic  equation  will  be 

♦  — C>-''ae«#  - 


(11.1?) 


where  C^,  C^,  are  constants  of  integration,  detersdned  by  initial  conditions 
—  in  the  form  of  expressions: 


Cj  ■■  A^ 


( , '  ”  1  '*'1 


I  - 


i-lA, 

i,j4,  A, 


Cf  A\  '  «•  4  ^ 

c.- 


(U.18) 
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is  the  frequency  of  osciliAtions,  do- 


wl.ere  -y-  is  the  attenuation  factor,  and  «* 


tomined  by  relationships: 

T= 


(n.i9) 


ce^  (h) 


^paci  'O^cr/i 


Fig.  194.  Checking  accuracy  of  solution. 
KEY:  (a)  Degj  (b)  Sec. 


fig*  194  is  brought  the  oscillograin  of  solution  of  the  considered  system  of 
equations  (2.5)  in  case  of  constant  coefficients,  equal  to  A  =  O.433,  A  =  0, 

^4  ~  17.67,  A^  =  20.65j  and  A^  =  1»59»  Comparison  of  received  solution  with  the 
analytic  solutirn  in  distinction  from  the  preceding  case  can  be  made  not  for  separ¬ 
ate  points  of  the  solution,  but  by  comparing  characteristic  parameters  of  the  solu¬ 


tion: 


T  «=* 


_ I  M,  +  ^1) 

^  {A^At  +  A,/  ’ 

A^A,  -f-  A,  ’ 

^  _ _ ^ 

^ A^A,  i 


(11.20) 


Results  of  comparison,  shown  in  the  oscillogram,  bear  witness  to  satisfactory 
accuracy  of  obtained  solution.  It  is  necessary  to  note  that  error  of  solution  for 
parameter  in  significant  measure  is  determined  by  how  much  transmission  fac¬ 

tors  for  both  inputs  of  the  operational  amplifier,  producing  coordinate  ^  (angle 
of  slipping)  differ.  Accuracy  of  setting  of  these  transmission  factors  should  be 
not  lower  than  the  third  significant  digit. 


As  follows  from  this  example,  for  estinatl;ig  accuracy  of  a  solution,  received 
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Fig.  195.  Processes  of  stabiliaation  of  course  with  variaWe  parameters, 

KEY:  (a)  In  degrees;  (b)  Sec;  (c)  Regime;  (d)  Kg-®, 

on  the  model,  in  a  number  of  cases  it  is  more  correct  to  coirduct  comparison  not  for 
separate  points,  but  of  cheracteristic  parameters  of  the  solution.  This  is  sensible 
to  do  especially  when  the  solution  has  an  oscillatory  character  or  sharply  ejqjressed 
extrema. 

In  Fig,  195  are  brought  three  oscillograms  of  processes  of  course  stabiliiation 
with  coefficients  variable  in  time,  received  during  work  of  electric  autcaatic  pilot 
with  proportional  feedbacK,  controlled  by  the  signal  and  its  first  derivative.  Para¬ 
meters  of  the  differentiating  circuit  changed  as  a  function  of  time  in  steps.  From 
oscillograms  one  may  see  characteristic  change  of  amplitudes  of  natural  oscillations, 
connected  basically  with  change  of  coefficients  and  A^,  On  the  oscillogram  of 
Fig.  195b  Is  shoim  the  influtncs  of  disturbances,  applied  in  the  form  of  reetarjular 
pulses  of  various  duration,  and  on  the  oscillogram  of  Fig,  191c  is  shown  influence 
of  brief  change  of  sign  of  coefficient  A^  (statistically  unstable  object). 
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Vftri»bla  Spxid  Drive  of  Coefficients 


Devices,  Intended  for  introduction  of  coefficients  variable  in  tline,  are  called 
variators  variable  speed  drives  of  coefficients. 

1a  distixiguish  electroGBsehanical  and  electronic  variable  speed  drives  of  coef¬ 
ficients.  In  those  cases,  when  solution  of  a  differential  equation  is  produced  in 
full  time  scale  and  change  of  coefficients  of  differential  equations  occurs  slowly, 
we  apply  electromechanical  devices.  With  iteration  of  the  solution  with  a  frequency 
greater  than  10  cpe  eiectrtMnechanical  devices  cannot  be  applied  due  to  great  inert¬ 
ness.  In  these  cases  for  introduction  of  variable  coefficients  we  use  diode  f<inc- 
tional  generators,  in  which  voltage  of  the  argument  changes  linearly  in  time  ac¬ 
cording  to  saw-tooth  law  with  tha  frequency  of  iteration,  and  corresponding  multi¬ 
pliers  . 

The  simplest  electromechanical  variable  speed  drive  of  coefficients  (Fig.  196) 
consists  of  a  certain  number  of  linear  potentiometers,  cursors  of  which  are  moved 
in  time  by  a  draw  line  and  profiled  cams,  made  in  accordance  with  the  function  of 
time  given  for  reproduction.  A  tension  spring  serves  to  guarantee  constant  contact 
of  the  roller  and  cam.  All  cams  are  planted  on  a  comnvon  shaft,  moved  by  an  electric 
motor  with  constant  speed. 

One  wide-spread  modification  of  cam  variator  is  3hown  in  Fig.  197.  Pulse  step- 
by-step  motor,  moving  the  cam  shaft,  can  be  fed  from  a  pulse  generator  of  stable 
frequency,  provided  in  electronic  models  (for  example,  in  IPT-4,  IPT-5,  MPT-9) 
or  from  any  other  interrupter  of  current.  This  ensures  possibility  and  simplicity 
of  change  of  spoied  of  rotation  of  cams  in  comparatively  wide  limits.  Considered  cam 
variators  with  accuracy  of  profile  of  cam  +  0.1-0. 5  tm  and  can  radius  6Qmi 

introduce  error  of  ^  0.16-0«33)(«  Among  dafleianciea  of  those  davlets  ona  should 
mention  comparatively  high  labor-consumption  of  manufacture  of  cams. 

In  ths  design  of  variator  of  coefficients  offered  by  engineer  Ivanovskiy  cams 
are  replaced  by  slip-rings,  made  of  wire,  bent  by  a  given  and  fastened  to  fixed 
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Fig.  196.  Fundamental  circuit  of  can  var¬ 
iable  speed  drive  of  coefficients, 

1— slip-ring,  2-— potentiometer,  3 — tension 
spring,  /♦“String,  5-— drum,  6--cam,  7--le- 
ver,  8~roller. 

insulating  plates  1  (Fig  19di).  Along  these  plates  noves  a  trolley  with  Umar 
wire  potentiometers  3  of  cylindrical  form.  Potentianeters  by  sorings  4  are  pressed 
to  the  wire.  Drive  of  the  trolley  is  caiTied  out  from  an  asynchronous  motor  through 
reductor  with  a  changeable  transmission  ratio  (movement  of  trolley  at  full  speed  is 
provided  after  440,  220,  110  and  55  sec).  For  stabilisation  of  8i>eed»on  the  shaft 
of  the  drive  motor  is  put  in  a  flywheel.  The  general  appearance  of  such  a  variator  of 
coefficients  as  made  by  the  Academy  of  Sciences  of  USSR  is  shown  in  Fig.  198b. 

Ebcamples  of  variable  speed  drives  of  coefficients  with  step-by-step  approxima¬ 
tion  are  the  units  of  variable  coefficients  of  electronic  models  IPT-4  and  IPT-5 
(Fig.  199)*  The  basis  of  each  unit  is  a  100-lamellar  stepping  selector.  Step-by- 
step  motor  is  controlled  by  pulses  fran  an  interrupter,  located  in  the  control  panel. 
Time  of  switching  Iron  lamella  to  lamella  can  be  fixed  equal  to  1.5  sec,  1  sec,  0.75 
sec,  0.25  sec  and  0.1  sec.  Consequent!^',  to  time  of  cycle  of  work  of  variator  can 
have  6  values  from  150  sec  to  10  sec.  Values  of  voltages,  brought  to  lamellae  of 
variator,  can  be  set  in  steps  by  any  law  from  the  voltage  divider,  where  on  the 
divider  there  are  100  divisions  of  positive  voltage  and  100  divisions  of  negative 
voltage.  CoBButatlon  from  the  divisor  to  lamellae  of  the  selector  is  carried  out 
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Fig.  197*  Kinentlc  diagjtun  of  modification 
of  cam  variable  speed  drive  of  coefficients. 
1— can  shaft  I  2— cam,  3— etep-by-step  motor, 
4~lever,  5-~tenslon  spring,  6-— winding  of 
potentiometer. 

KEY:  (a)  d-c  pulses. 


on  a  special  setting  field.  Besides,  the  level  of  a  coefficient  can  be  lowered  by 


an  additional  voltage  divider  with  a  coefficient  of  division  0  ^ 1  at  an  interval 


Fig.  196.  Variable  speed  drive  of  coefficients  with  wire-wand  shaped 
slip-rings. 
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To  obtain  pulses »  controlling  the  step-by-step  motor,  in  analogs  IPT-4  and 
IPT-5  there  is  a  special  device,  consisting  of  a  quaKz  oscillator  with  a  frequency 
divid-^r  (with  division  of  frequency  from  1000  cpa  to  50  cps)  and  an  ausdllary  pulse 
generator,  consisting  of  6  synchronous  motors,  working  from  a  Irequency  of  50  c 
and  interrupting  contacts  with  six  different  frequences.  If  permissible  error  of 
scanning  of  coefficients  in  time  is  2^,  then  motors  can  be  fed  directly  from  an 
a-c  net. 


WonOui  (c) 
momop 


/  \ 


Fig.  199.  Variable  speed  drive  of  coefficients 
with  stepping  selector. 

KEY;  (a;  Setting  field;  (b)  output;  (c)  Step- 
by-step  motor;  (d)  Pulses. 


Among  the  merits  of  the  considered  variable  speed  drive  one  should  include  the 
fact  that  in  separate  moments  of  time  there  can  be  received  coefficients  with  great 
accuracy,  since  separate  sections  of  the  voltage  divider  can  be  made  very  accurately. 
Essential  deficiencies  of  these  devices  are  complexity  of  construction,  large  di¬ 
mensions,  appearance  of  additional  interferences  due  to  step-by-step  introduction  of 
the  variable  coefficient. 
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Variable  speed  drive  of  coefficients  of  analop  MiT-V  is  a  modemizaticn  of  ♦^he 
considered  device.  On  the  setting  field  of  the  unit  of  the  variable  coefficient 
there  ia  no  divider  with  negative  values  of  voltapes.  Negative  values  of  coefficient.! 


t-lWV 


V'  yr — : 
1^1  / 


Fig,  200,  Modification  of  variable  speed  drive  of 
coefficients  of  Fig,  199. 

KEY:  (a)  Getting  field;  (b)  Output;  (c)  From  pulse 
generator;  (d)  cps. 

result  from  gener::!  displacement  of  level  of  the  graph  of  the  variable  coefficient 
by  a  special  device,  introducing  negative  input  voltage  with  a  constant  coefficient 
into  the  model.  Furthermore,  to  the  stepping  selector  of  the  variable  coefficent 
unit  there  can  be  fed  pul*«e5«  with  one  of  five  frequencies  by  program  in  time  which 
allows  us  to  approximate  the  curve  of  the  law  of  change  of  the  coefficient  more  ac¬ 
curately,  i,e,,  on  steeper  sections  of  the  curve  to  increase  the  frequency  of 
sivltching. 
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To  obtain  programnsd  introduction  of  frequencios  of  pulsaa  on  the  stepping  se¬ 
lector  the  variable  coefficient  unit,  there  is  an  additional  device,  including  still 
another  stepping  selector  with  100  lamellae  and  a  setting  field,  where  to  every 
lamella  there  can  be  passed  pulses  with  one  of  the  following  five  frequencies: 

8  cps,  4  cps,  2  cps,  1  cps,  0.5  cps.  Lamella  can  also  remain  unconnected,  and  in 
this  interval  of  time  not  one  pulse  will  pass  to  the  stepping  selector  of  the  vari¬ 
able  coefficient  unit.  All  main  elem&nts  of  variator  of  coefficients  and  auxiliary 
devices  (generator  of  stable  frequency  and  others)  remain  the  same  as  in  variator  of 
analog  IPT-4.  The  basic  circuit  i  .  shown  in  Fig.  200, 

Shown  designs  of  variators  of  coefficients  cannot  be  recognised  as  totally 
perfect.  Cam  variators  require  c<»^)aratively  great  expenditure  of  time  on  manufac¬ 
ture  and  replacement  of  cains;  variators  with  wire  on  the  insulating  plate,  do  not 
ensure  smooth  change  of  the  time— speed  scale  of  potentiometers  and  have  complicated 
drive  mechanism.  Variators  with  stepping  selectors  also  are  not  very  simple  and 
frequently  serve  as  a  soux*ce  of  undesirable  interferences,  caused  by  the  step  nature 
of  approximation  of  the  variable  coefficient. 

Apparently,  improvennt  of  variators  with  wire,  glued  on  Insulating  plate  or 
drum,  can  lead  to  creation  of  devices  which  are  simple,  accurate  and  at  t^  same 
time  convenient  to  use.  Significant  simplification  here  can  be  attained  by  transi¬ 
tion  to  smoothly  regulated  drive,  in  the  form  of  a  servo  system.  Supplying  this 
servo  system  with  feedbacks  with  rezpjct  to  speed  and  position,  it  is  possible  to  use 
the  variator  of  coefficients  also  as  a  functional  generator  or  multiplier-divider 
during  Investigation  of  processes  with  frequency  up  to  1  cps.  By  this  it  is  possible 
considerably  to  supplement  the  possibilities  of  the  electronic  model  without  in¬ 
creasing  the  number  of  additional  units. 
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4*  Siwulttlon  of  Syat^ma  of  Automatic  Control 
with  Constant  Del>y 

Constant  dolS7  is  mst  prlnsrily  in  induatrlsi  process  systems.* 

An  essential  role  In  formation  of  constant  delay  In  industrial  systems  is  played 
by  the  terminal  velocity  of  transfer  of  the  substance.  An  exunple  is  the  system  of 
automatic  control  of  thickness  of  a  sheet  on  a  rolling  mill,  where  the  meter  of 
thickness  of  the  sheet  I  (Fig.  201a)  and  pressure  device  2  are  located  a  certain  dis¬ 
tance  L  from  each  other,  due  to  which  with  a  terminal  velocity  v  of  motion  of  the 
rolled  sheets  there  appears  delay  z  between  Influence  of  pressure  device  and  meas¬ 
urement  of  its  result  by  the  sensor.  Another  characteristic  case  of  the  presence  of 
constant  time  delay  takes  place  in  system  of  automatic  control  of  concentration  of 
solution  by  change  of  input  of  one  of  the  coeqxnents  (Fig.  201b). 

Furthermore,  often  it  is  convenient  in 
studying  multlcapaclty  industrial  processes 
to  replace  the  equation  of  motion  of  high 
order  by  equations  of  the  first  or  second 
order  with  constant  delay.  Finally,  during 
investigation  of  control  systems  with  very 
fkst  processes  it  is  often  necessary  to  ex¬ 
plain  the  Influence  of  small  constant  delays 
of  the  order  of  10>1(X)  millisecond  in  the 
controller,  or  delay  of  such  an  order,  to 
which  it  is  possible  to  reduce  small  para¬ 
meters  of  system. 

The  general  range  of  constant  delay, 
encountered  in  systMBs  of  automatic  control, 

\ 

t 

I 

i 

•See,  for  example,  V.  L.  Lossiyevskiy  [2], 


Fig.  201.  Examples  of  sys¬ 
tems  of  autoeatic  control 
with  delay,  a)  control  cir¬ 
cuit  of  thickness  of  sheet  on 
rolling  mill.  1— nster  of 
thickness  of  sheet,  2— pres¬ 
sure  device;  b)  control  cir¬ 
cuit  of  concentration  of  solu¬ 
tion;  1-HBSter  of  concentration, 
2— regulating  elment. 
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embraces  Intervals  of  time  from  5  milliseconds  to  100  minutes.  However  during  si£ti> 
lation,  apparently,  it  is  possible  to  limit  maxLmus  delay  to  3  minute,  since  vdth 
greater  delays  processes  of  adjustment  proceed  already  so  slow’/  that  the  dynamics 
of  equipment  of  adjustment,  in  essence,  can  be  disregarded  and  one  can  conduct  in> 
vestigation  on  an  electronic  model  of  the  total  system  of  differential  equations  of 
the  system  of  automatic  control  in  an  unnatural  time  scale. 

For  reproduction  of  delay  in  electronic  models  there  are  applied  special  de¬ 
vices,  named  delay  blocks.  In  ideal  case  the  delay  block  should  be  characterized  by 
the  follovring  dependence  between  input  fnt  and  output  magnitudes: 

(11.21) 


where  t  =  const  is  the  constant  delay.  In  operator  form  equation  (11.21)  will  have 
the  fonr. 


(11.22) 


Thus,  output  magnitude  of  delay  block  should  copy  accurately  the  Input  magnitude, 
but  with  a  shift  in  time  t.  Transfer  function  of  block  should  be 

r,(g) 


Fig.  202.  Passive  networks,  utilised  for  obtaining  delay. 
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rtwrisin  f  f  setv»rat.e  const  ructions  of  dexay  blf)ck3  and  their  .inpr^isai  ran  he 
carried  (  ut  on  the  basis  of  comparison  of  frequency  responses,  for  an  ideal  delay 
block  the  f^ain-frequency  response  is  j -H.  and  the  phase-frequency  is  f. -- 
f  nown  ''rnstructions  of  delay  blocks  can  be  divided  into  two  ^^roups  deoendinp  unon  how 
the  piven  pain  and  phases  frequency  responses  are  realized.  In  devices  of  the  first 
proup  the  pain-fre<^uency  response  is  reproduced  in  principle  accurately,  and  that  of 
phase,  approximately ;  in  devices  of  the  second  group,  vice  ve.’sa,  the  phase  response 
is  reproduced  in  principle  accurately,  and  gain,  approximately.  Among  devices  of  the 
first  type  are,  in  particuL'  r,  RC  circuits  of  passive  and  active  quadripoles,  siridj- 
lating  long  lines.  In  Fig.  202a  is  shown  ons  circuit,  consisting  of  passive  RC 
networks,  isolated  from  one  another  by  separating  amplifiers  (for  example,  cathode 
followers ). 

Transfer  function  cf  each  such  network  is 

(11.23) 


Transfer  ftinction  of  circuit  of  such  identical  sections  will  be 


(11.24) 


k/e  will  estimate  error,  introduced  by  replacement  of  U',(p)  by  Wiip).  This  es¬ 
timate  can  be  made  by  comparison  of  frequency  responses.  For  considered  the  bridge 
circuit  we  have: 


f,  —  —  2s  «cfg I 


(11.25) 


From  this,  considering  2nRC  =  t  and  comparing  with  ideal  values  of  and  7,. 

we  will  find  error  in  phase  response 


or  when 


-2“  <  i  approximately 


A7  =  —  -J- 2s  wctg -Jl 


(11.26) 
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firror  in  gain  response  is 


4M  ^  0. 


wf.ert; 


and  jr  C/'-)l  ^  1'^  .<^‘">1  ~ 

Ay  =  —  «*t  4"  2  12 _ *  (11  *29 ) 

where  -  —  f 

If  we  take  maxiimiir.  permissible  error  jy  ^  4'.  then  from  expression  (11.29)  it  fol¬ 
lows  that  3  Connection  in  series  of  identical  cells  with  transfer  function 

(11,28)  leads  to  increase  of  permissible  magnitude  of  «>: 


1  e  J  4  s  u,t 

Fig.  2Ck».  Dependence  of  error  on  »■  for  var¬ 
ious  types  of  sections. 
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In  }  if .  2'j)  IS  hroii/*ht  rraph  of  dependence  '•'f  niunber  of  secMons  n  t*T  for 
vdrionr.  from  expression  and  praphs  of  Kip.  ^i/j,  calculated  cy  tfis 

expression,  it  follows  that  when  the  nuir.ber  cf  cells  n  ^  and  pemissible  error 
•if  0.01  rdn  maxi/num  permissible  value  of  («*),,— 2.5.  If  one  were  to  lindt  rapnitnde 
of  resistances  R  and  capacitances  r  of  capacitors  of  the  circuit  to  1  mepohrr  and 
0.1  ^  then  maximum  possible  delay  when  n  -  6  will  be 

—  2a  =1.2  sec. 

resides  limited  range  of  delay  time  application  cf  passive  circuits  also  has 
the  deficiency  that  it  does  not  allow  us  continuously  to  change  delay  time  and 
requires  during  its  setting  variations  of  parameters  of  every  link. 


0 


Fig.  203,  Graph  of  dependence  of  number  of 
sections  on  •,  with  given  phase  error. 


Application  of  active  circuits  has  significant  advantages  in  this  respect.  Let 
us  consider  one  such  circuit,  reproducing  the  first  two  members  of  expansion  of  e* 
into  a  Fade  fraction  series  (see  0,  Perron  [l]): 


llm 


(11.27) 
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In  KU'.  ar«  sf cor^r*tir»  cunr»s  of  i;  /(«,*»  with  various  n  and 
variCiis  typ«?s  of  sections.  <oiid  lines  are  curves  for  sections  with  transfer  i'Mnc-~ 
t.ion  of  t>"pe  (11.28),  and  dotted  lines  are  for  type  (11.23).  Fror.  the  figure  it 
follows  that  for  values  of  greater  than  3,  it  is  expedient  to  change  to  devices 
of  the  second  type.  Transfer  function  (11.28)  can  be  realized  both  by  passive 
(Fig.  202b)  and  active  quadripoles.  Application  of  active  quadripoles  allowa  us 
to  simpliiy  setting  of  required  parameters  and  removes  difficulties,  connected 
with  necessity  in  case  of  passive  quadripoles  to  have  inductance  with  high  quality. 


Fig,  205*  Functional  diagram  of 
reproduction  of  delay. 


Of  special  interest  is  application  for  these  purposes  of  operational  amplifiers 
(C.  D.  Morrill  [l]).  In  Fig.  205  are  shown  two  variants  of  such  circuits.  During 
composition  of  these  circuits*  it  is  more  converdent  to  present  the  given  transfer 
function  (11,28)  in  the  form 

•'(/)»  (U.30) 

The  circuit  shown  in  Fig.  205b  is  used  idwn  in  the  process  of  the  experijMnt  it  is 
net  required  to  change  delay  tlms.  Amplifiers  1  and  3  here  often  can  be  taken  from 
remaining  oet-up  circuit,  so  that  on  creation  of  delay  there  is  expended  only  one 

♦According  to  methods  of  Ch.  XIl  and  Appendix  I, 
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operhlional  iitnpiifier.  Hciationships  for  determination  of  per'imeters  of  tre-.e  cir¬ 
cuits  are  obtained  for  piyen  value  of  *  by  comparison  of  transfer  functions  of  t^e•>e 
circuits  with  expression  (ii.iU).  For  the  circuit  of  Up.  205*  we  ^tave: 

'fn-'T’  'fu'T-  't.AiA,,  =  V  ■  K,iK„  -Kr,K,r 
Magnitude  «  can  be  changed  smoothly  by  setting  volUpe  dividers  and  in  steps— by 
change  of  magnitudes  of  capacities  of  capacitors  C;^  and  With  physically  possible 

values  of  transmission  coefficients  Kj^j  general  range  of  time  cf  delay  constitutes 
from  0,05  to  100  sec.  In  Fig.  206  are  shown  oscillograms  of  work  of  circuit  when 
T  =  0.i  and  0,90  sec.  In  initial  period  upon  switching  on  the  circuit  there  takes 
place  the  process  of  setting  the  voltage.  Under  conditions  of  modeling  a  CAP  voltage 
at  output  of  the  delay  olock  trill  scarcely  change  by  Jump  and  therefore  process  of 
setting  up  practically  will  not  effect  accuracy  of  eimulating  processes  of  control.  If 
it  is  necessary  to  increase  accuracy  of  reproduction  of  delay  and  to  expand  range  of 
perrdssible  values  of  it  is  possible  to  use,  for  example,  the  first  six  terms  of 
series  (11,27),  as  C,  D.  Morrill  reconnends  [l],  Hoi/ever  for  reproduction  of  such 
a  transfer  function  there  wilJ,  be  required  10  operational  amplifiers. 


b) 


Fig.  206.  Oscillograms  of  work  of  circuit  of  Fig. 
205.  t^  is  setting  up  time. 


A  sosMwhat  different  approach  to  synthesis  of  transfer  functions,  with  respect 
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t-  *.rc«tion  of  th«ir  poles  end  leroes,  approxiinatlnf  the  transfer  function  of  the 
iinf.  With  delay  ta*  developed  by  W.  J,  ''unningham  [l]. 

Arron^  devices,  reproducing  In  principle  accurately  phaee-frequency  responee  and 
approximately  gain- frequency  are,  delay  units,  based  on  use  of  capacitors  and  mag¬ 
netic  tape  as  memory  units.  Here  the  current  values  of  the  input  magnitudes  are  con¬ 
tinuously  stored  in  the  menoiy  and  continuously  are  selected  from  it  after  a  given  tlae 
delay. 


Fig.  207.  Fundamental  circuit  of  delay  block 
with  storage  capacitors. 


Principle  of  action  of  a  device  with  remembering  capecitors  (V,  V.  Gurov  [?]) 

consists  of  the  following:  for  a  definite,  fairly  small  intervals  of  time  output 

voltage  of  operational  ainplifier  1  (Fig.  207),  representing  input  megnltude  of  the 

delay  block  is  stored  by  charging  capacitors  C^,  .  .  •by  charged  brushes  4.  V^'l- 

tage  of  these  capacitors  after  a  time,  equal  to  the  time  of  delay,  is  transmitted  by 

discharge  brushes  5  to  low-capecity  capacitor  C  ,  in  the  feedback  circuit  of  output 

oc 

operational  amplifier  2.  Use  of  operational  amplifiers  here  ensures  practically  in¬ 
stantaneous  charge  of  capacitors  .  .  .  to  value  of  voltage  e  ^  due  to  the  low 

value  of  the  output  impedance  of  asipllfier  1*  Discharge  of  eapecitor  C  in  the  inter¬ 
val  between  two  periods  of  charge,  caused  by  ejctemal  leaks  Ry,  will  hare  be  negli¬ 
gible,  since  th-  time  constant  of  discharge  is  very  great: 


{U.3I) 
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where  Is  the  erpil ficat  ion  fact.''r  the  cperati  rv)I  amplifier  with  nerat.ve 

feedback . 

's  the  device,  C'^nrutatinr  cafvicitcrs  <  ,,  .  ,  .  there  are  used  sien'inr  se- 

iectcrs  OP  special  collector  comnutators.  In  case  of  application  rf  stepping  selec¬ 
tors  the  brush  contacts  ricve,  out  in  case  of  collector  corrmutators — collectors  r.ove 
with  constant  speea. 

Time  delay  -  is  set  by  chanfre  of  anpular  velocity  Q  of  rotation  of  motor  3  and 
anfle  a  between  brushes: 


(11.32) 


force  of  finiteness  of  interval  of  time  At  between  charge  of  two  adjacent 
capacitors  and  in  such  device  there  is  stored  and  reproduced  with  shift  not 

a  continuous  curve  ,  but  a  stepped  curve.  This  leads  to  error  both  in  ampli¬ 

tude,  and  in  time  of  delay  of  output  magnitude.  Error  in  delay  time  here  does  not 
exceed  magnitude  a/,  and  error  In  amplitude  can  be  estimated  by  the  evident  rela¬ 
tionship 


(11.33) 


where  w  _  ^  ,  n  is  the  number  of  storage  capacitors*  ii  Is  the  general  angle*  at 

~  (lU 

which  contacts  of  the  cc»mutator  are  located, 

writh  the  help  of  rel'  ionshlps  (11.32)  and  (11,33)  when  r„  we  find 

the  1**1  [■i*  value  cf  relative  error  in  the  form 


(1#^,  m-:  ~ — 

where  is  miniiaum  gap  between  bnishes. 


When  e 


(11.31) 


From  (11,34)  it  follows  that  for  obtaining  Baxlmiai  error  -  2*,  magnitude  (••*»•*« 
must  not  be  larger  than  0.2.  Beaidee  error*  caused  by  stenness  of  curve  of  outfit 
voltage,  such  a  method  cf  reproduction  of  delay  introduces  srror  due  to  finiteness  of 


e 


>d 


•'A.Titude  cf  capacitv  tf  capacitor  "  .  -.bsoiut#  error  can  be  estimated  bv  expres- 


s*  r. 


r 


t  t  (  dt 


It 


-ere  r  is  the  capacity  of  the  stora^  capacitor 

sinf  the  earlier  derived  relationship  for  d/  and  considerinp  *’  •  I  ■  mil 


<0., 


we  will  receive  the  maxiinir.  value  of  relative  error  in  the  form 


life'...  0.1  ^ 


(U.35) 


rthen  *■;  .(j.j  anc  i„„ -- from  (11,35)  we  obtain 


The  fact  that  capacitor  during  switching  on  cf  storage  copacitor  is  charged 
inaccurately  up  to  vcltage<^,,i,  i. caused  au.'ustment  of  the  step-by-step  variable  signal 
not  at  once,  but  alter  several  cycles  of  charge  of  capacitor  This  as  it  were  in¬ 
troduces  parasitic  inertial  delay  in  the  system,  ^'suallj'  capacitors  and  for 
oecrev^se  of  leak  are  selected  as  tj'pe  KPG  or  K)b  (with  styroflex  dielectric). 

-An  original  method  of  lowering  error  due  to  step  nature  of  the  output  voltage 
curvf,  was  offeree  in  the  worr;  of  Ya,  I,  Grinya  and  P.  K.  Kopay-Cora  [1],  This  nethou 
consists  of  adding  to  each  step  of  curve  •  linearly  variable  voltage.  This 

voltage  results  from  integration  of  difference  of  voltages  on  capacitors  C  ,  ob¬ 
oe 

talned  for  the  duration  of  two  ad,iacent  intervals  cf  tine  and 

*1 » I 

u 

In  craer  to  rtcelvt  linear  srxKJthing  of  ttK  stepped  curve,  it  is  necessain-,  th»t 
h  A/  This  is  possible,  if  T  u  In  case  of  application  of  integrating 

operational  am.piifier  the  given  condition  reduces  to 

Thus,  with  correct  selection  of  transsvisslon  factor  j*  ,  of  the  integrating  biocK 

#n., 

sunnation  cf  result  of  integration  with  current  value  of  stepped  output  voltage  gives 
output  Voltaire  cf  piecewise-llnear  fonr..  Ve  will  estijaate  raaxiaua  value  of  relative 
error  with  such  approximation.  On  basis  of  previously  derived  reiation8hJ.p  (6.«) 
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we  have 

•After  substituting  of  value 

St  when  c,,  =  tin «,/  ^nd  *••"'' 

-10 

If 

we  obtfiin  an 

expression  for  relative  error: 

“  ■jjjy  (••)*• 

..hen  s--- 2*,  the  'f  ..<*  '1  Thuu,  uuiioi-  conuition.<i  equal,  in¬ 

troduction  of  piecewise-linear  approximation  as  compared  with  stepped  f^ives  an  in¬ 
crease  of  nfixirwm  penilssible  value  of  •*:  by  an  order.  However  error  from  inac¬ 
curate  transmission  of  voltage  to  capacitor  C«  remains.  If  one  were  to  select 
C.*<C^C.  then  with  preseirvation  of  low  error  it  is  possible  to  Increase  raximum 
perr.JLssible  value  of  m-.  to  U»  htindamental  circuit  of  delay  block,  using  considered 
principle  of  smoo thing  the  stepped  output  voltage  shown  in  Fig.  208.  For  prepara¬ 
tion  of  circuit  at  the  end  of  interval  of  time  M  for  fontdng  the  following  linear 
aadition  there  is  provided  periodic  discharge  of  capacitor  C.  By  the  given  diagram 
delay  bl'  cks  are  industrially  produced  in  these  block  coasnitation  of  two  groups  of 
2C  capevitors  of  type  PCS  of  0.1  microfarad  is  executed  with  the  help  of  two  stepping 
selectors  (type  Shi  25/8).  Duration  of  interval  can  be  fixed  at  0,1  sec,  0,2  sec, 

0,5  sec,  and  1  sec,  time  lag  t  — "from  0,1  to  20  sec  in  steps.  Accuracy  of  reproduc¬ 
tion  of  output  voltage  constitutes  +  up  to  <  5. 


Fig,  208.  Fundamental  circuit  of  delay  block  with 
storage  capacitors  in  which  there  is  profvlded  linear 
smoothing. 
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With  the  necessity  of  carrying  out  constant  delay  greater  than  50  sec  it  is 
expedient  to  use  principle  of  magnetic  recording.  In  Fig.  209  is  presented  block- 
diagram  of  such  an  instrument  (V.  A.  Ivanov  Cl]),  Input  signal,  variable  with  low 
frequency,  is  modulated  by  Kntrance  signal  variable  with  low  frequency,  is  modulated 
in  frequency  by  sweep  oscillator  of  RC  type.  Magnitude  of  input  signal  can  take  val¬ 
ue  of  2.  6  v;  here  the  voltage  frequency  of  osciliAtor  changes  linearly  from  500  to 
900  cps.  Voltage  of  generator  proceeds  through  power  amplifier  to  rec'’  Ming  head  in 
which  there  is  set  the  maximum  value  of  amplitude  of  ragnetlzing  field.  The  signal 
thus  recorded  on  the  magnetic  tape,  passing  through  a  special  device  of  "infinite 
cassette"  type,  induces  in  the  head  of  reproduction  with  delay  time  a  voltage,  which 
troves  to  the  input  of  the  amplifier.  Infinite  cassette  can  contain  from  0.5  to  250  m. 


Fig,  209.  Fundamental  circuit  of  delay  block 
with  application  of  magnetic  recording. 

I—  output  device,  2— pulse  counter,  3—*HTpli- 
fier  with  limitation,  4— infinite  cassette, 

5 — speed  setting,  6— stabilised  rectifier, 

7— high-frequency  oscillator,  8— motor,  9— 
reductor,  lO— generator  of  control  pulses, 

II—  power  amplifier,  12— leading  shaft,  13— 
reproduction  head,  14— erasing  head,  15— 
recording  head,  16— tachogenerator. 


at  the  output  of  the  amplifier-limiter  we  obtain  a  variable  rectangular  voltage 
tension  variable  in  frequency,  whose  amplitude  strictly  Is  calibrated  and  does  not 
depend  on  magnitude  of  emf  induced  in  the  reproduction  head.  After  the  ampllfler- 
lirdter  the  recAived  square  voltage  jxilses  pass  through  a  pulse  counter,  at  whose 


-383- 


output  thoro  !•  comocted  a  capaeitorf  ao  that  voltaga  on  thla  capacitor  la  propor» 
tional  to  tha  nwbar  of  pulaea  par  unit  tlM,  l.a. ,  fra<|uanc7  of  raeordad  aoltaxa  or 
■agnltuda  of  Input  algnal. 

In  Pif.  210a  la  brought  tha  Konaral  form  of  dalaj  block  with  application  of 
maxnatlc  racordlng  aa  aada  bj  Acadamgr  of  Sclancaa  of  USSR.  In  block  tha  bait- 
drlra  nachanlam  la  movad  b]r  a  d-c  motor  of  tjpa  SL221.  Spaad  of  station  changaa  bj 
a  change  of  excitation  currant,  fixed  apaad  la  kept  eonatant  by  a  aystam  of  auto¬ 
matic  ad.luatmant  of  apaad.  Tha  delay  block  allowa  ua  to  racalwa  a  delay  time  from 
0.5  to  20  minute,  and  thla  range  la  cowered  amoothly.  Magnitude  of  delay  time  la 
auatainad  with  great  stability  (error  near  0.1!().  Error  of  reproduction  of  Input 
algnal  does  not  exceed  1.5^.  Maximum  frequency  of  reproduced  algnala  la  2-5  cpa. 

In  Fig.  210  (b,  c,  d)  are  brought  several  characteristic  osclUograma,  Illustrating 
work  of  described  delay  block.  On  a  delay  block,  made  on  maffketlc  drums,  see  also 
for  K.  W.  Goff  [2]. 

In  Table  IX  are  coaqsared  main  technical  characteristics  of  separate  types  of 
delay  block. 


Table  IX 


No. 

in 

OjTder 

Type  Delay  Block 

Limiting  Values 

Maximum  Error 

Note 

T 

wr 

1 

Block  of  4  operation* 
al  aspUfiers  by  Fig. 
201a  diagram 

from  0.05 
to  50  see 

3 

±  2.55e 

Error, 
phase,  re¬ 
lated  to 

(-*)•**  ™  ® 

2 

Block  with  applica¬ 
tion  of  storage  ca¬ 
pacitors  and  linear 
smoothing 

5 

+  35J 

Error,  am¬ 
plitude,  re 
lated  to 

•mn  *  100  V 

vdien  o*.!  —  1 
CDS. 

3 

Block  with  use  of 
magnetic  recording 

from  0.5 
■ec  to  20 
■in 

from  12  to 

sereral 

thousand 

+  1.55t 

Eiror,  am¬ 
plitude,  re< 
lated  to 

*HMt  <2—5 

cps. 
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c) 


Fip,  210,  a)  general  form  of  work  of  delay  block  with 
application  of  magnetic  recording;  b,c,d)  oscillograms 
of  shift  with  respect  to  time  of  rectangular,  sinusoi¬ 
dal  and  aperiodic  processes: 

1— initial  process,  2— delayed  process. 


If  one  were  to  consider  that  in  systems  of  automatic  control  in  practice  <  r. 
then  from  the  data  brought  in  the  table  it  follows  that  with  small  time  lags  one  can 
successfully^  use  a  circuit  with  operational  amplifiers,  and  with  large  ones— delay 
blocks,  based  on  magnetic  recording.  Delay  blocks  with  storage  capacitors  as  com¬ 
pared  with  circuits  of  amplifiers,  other  conditions  being  equal,  are  significantly 
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rr.ore  complicated »  more  expensive  and  less  reliable 


5.  r>imulation  of  Jyaterao  of  Automatic  Hontrol  »flth  Tnterferencea 

For  a  number  of  contemporary  systems  of  automatic  control  (system  of  automatic 
racking  of  radar  stations,  etc.)  of  larpe  significance  is  calculation  of  influence 
of  interferences,  penetrating  the  system  simultaneously  with  useful  signal.  Prob¬ 
lem  of  simulating  of  such  CAP  can  be  formulated  in  two  ways.  In  one  case  the  prob- 
rr.en  is  posed  of  more  precise  definition  of  parameters  of  system,  taking  into  account 
influence  of  interferences,  introduced  to  andel  by  reproduction  of  recordings  of 
change  of  input  signal,  received  by  full-scale  tests.  In  the  other  case  there  is 
studied  influence  on  the  process  of  adjustment  of  change  of  main  statistical  char¬ 
acteristics  of  interferences  by  addition  to  input  signal  of  signal  of  interferences, 
produced  by  special  generator  with  predetermined  statistical  characteristics.  The 
last  formulation  of  the  problem  usually  occurs  in  the  first  stages  of  creation  of 
the  CAP,  when  it  is  possible  to  express  only  highly  tentative  assumptions  about 
statistical  characteristics  of  input  signal. 

With  recordings  of  change  of  input  signal,  recieved  In  real  conditions,  repro- 
ducticn  is  carried  out  variously  depending  upon  nature  of  carrier  of  this  recording. 
With  use  of  magnetic  recording  one  can  successfully  apply  the  delay  block,  described 
in  the  preceding  section.  With  the  help  of  this  block  it  is  possible  to  carry  out 
both  recording  and  reproduction  of  input  signals.  During  reproduction  of  noises, 
registered  on  the  tape,  there  is  used  a  servo  electronic-optical  system, in  nany 
respects  reminiscent  of  the  cathode-ray  functional  generators  considered  in  Chapter 
VII.  Signal,  controlling  the  position  of  the  spot  on  the  edge  of  the  oeclllogram 
during  its  movenent  before  the  screen  of  the  cathode-ray  tube,  is  used  as  the  output 
signal  of  noises. 

For  generating  noises  in  radio  engineering  they  use  ordinary  electron  tubes 
(most  frequently  diodes),  fluctuations  of  whose  current  are  adiplified  by  nultistage 
broad-band  amplifiers.  Hwsver  for  modeling  CAP  these  generators  are  of  little  use. 
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since  during  crefttion  of  noises  in  a  narrow  band  of  low  frequencies  (from  1  cps  and 
lower)  with  power  of  the  order  of  0.1-1  w  requires  very  great  anqplification.  Re¬ 
placement  of  vacuum  tube  by  a  gas-discharge  tube  (for  example,  thyratron)  removes 
only  partly  the  need  to  amplily  the  sigr.al.  For  generating  noises  in  the  band  of 
frequencies  telow  1  cps  large  advantages  pertain  to  application  of  a  ball  generate r 
(A.  M.  Petrovskiy  [1],  [2])  and  a  generator,  made  of  voltage  dividers  (C.  A,  Mass 
[1]). 

As  can  be  seen  from  Fig.  211,  he  primary  source  of  noises  in  a  ball  generator  is 
a  drum,  filled  with  steel  balls.  Axis  and  lateral  surface  of  drum  are  made  of  con¬ 
ducting,  and  the  face  covers  are  made  from  insulating  material.  To  the  axis  and 
lateral  surface  of  drum  by  slide  contacts  is  applied  a  constant  voltage.  The  drum 
is  rotated  by  nn  electric  motor  through  reductor  with  variable  transmission  ratio, 
ifpon  rotation  of  the  drum  the  balls  poured  inside  it  create  irregular  contact  be¬ 
tween  the  wall  of  the  drum  and  the  axis,  thanks  to  which  current  in  the  feed  cir¬ 
cuits  continuously  changes.  The  emf  of  interference  is  taken  from  a  resistor,  in¬ 
cluded  in  the  feed  circuit.  As  ms  shown  in  the  work  of  A.  M.  Petrovskiy,  in  regions 
of  low  frequencies  («  <  SH  the  spectrum  of  frequencies  of  generated  noises  is  prac¬ 
tically  uniform: 

(11.36) 

where  S(m)  is  the  spectral  density,  E^  is  voltage  of  power  source  of  drum  with 
balls,  F  is  mean  value  of  cylinder-axis  conductance,  N  is  the  number  of  balls  in 
the  cylinder,  F  is  angular  velocity  ox  rotation  of  drum  in  deg/sec. 

Amplitude  of  output  signal  of  such  generator  is  subject  to  normal  distributive 
law,  since  the  Instantaneous  value  of  conductance  is  a  fWiction  of  a  large  num¬ 
ber  of  independent  random  variables* 

t^ber  of  balls  in  drum  should  be  sufficiently  great  to  ensure  free  fall  of  sep¬ 
arate  balls  and  sharp  changes  of  conductance  of  dnsa.  It  has  been  practically  fimsd 
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Fig«  211,  Fundamental  circuit  of  ball  generator  of  noises. 

KEY:  (a)  Reductor;  (b)  Output;  (c)  Rectifier. 

that  balls  must  occupj’  approximately  half  of  the  volume  of  the  drum  (N  ^  50  to  2uo). 
elth  decrease  of  angular  velocity  of  rotation  of  drum  power  of  noises  in  the  fre«> 
quency  band|  where  is  constant.  Increases,  however  simultaneously  there  occurs 
narrowing  of  this  band  of  frequencies.  Narrowing  of  hand  of  uniform  spectrum  of 
generated  frequencies  also  results  from  application  of  limiters  of  amplituae  at  out¬ 
put  of  generator.  With  necessity  of  conversion  of  spectrum  of  frequencies  of  gener¬ 
ated  noises  at  output  of  generator  there  can  be  connected  the  corresponding  filter. 
Usiially  the  drum  is  fitted  with  balls  of  close  diameters  (from  0.5  to  4  naa);  with 
filling  by  balls  of  strongly  differing  diameters  fall  of  separate  balls  during  ro¬ 
tation  of  the  drum  no  lonfir  it  since  one  ball  of  large  diameter  draws  after 

it  a  group  of  smaller  ones.  In  this  case  fill  of  separate  groups  will  be  free  which 
leads  to  appearance  in  output  voltage  of  separate  splashes.  The  latter  can  be  suc¬ 
cessfully  used  in  a  number  of  eases  of  simlatlon. 

Principle  of  constructior.  of  generator  of  fluctuating  amf  with  uae  of  switchable 
potentioaeters  is  illustrated  liy  the  diagram  of  Fig.  212.  Potentiometers  will  form 
a  rectangular  grid.  Cursors  of  potentiometers,  located  in  every  vertieal  column, 
are  ^^olned  to  a  eonon  terminal  ///,.  £//^.  . .  i//,.  ani  these  are  joined  to  output 
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Fig.  212.  Principle  of  construction  of 
generetor  of  fluctuating  emf  with  use  of 
switchable  potentiometors. 

KEY:  (a)  Control  unit;  (b)  Output. 

through  contacts  of  relays  />,.  . P,.  Relays  are  controlled  from  cyclical  elec¬ 

tronic  meter  through  coonutator.  Distribution  of  amplitudes  of  output  voltage 
is  given  by  setting  of  cursors  of  potentiometers  on  the  basis  of  experimental  data 
or  given  characteristics  of  random  procMt.  Feed  moves  to  potentiometers  with  the 
help  of  two  switches  /7,  aiui  77,.  Strictly  speaking,  output  voltage  of  such  in8tru> 
ment  cannot  be  called  random.  IVseibillty  of  repetition  of  signal  from  such  genera¬ 
tor  is  a  known  convenience,  since  it  reduces  the  number  of  required  solutions  on 
models. 


I 


C  H  A  P  T  K  R  XII 

INVESTIGATION  OK  DYNAMICS  OF  AUTOMATIC  SYSTrMS  i/ITH 
RATIONAL  FRACTIONAL  TRANSFER  FUNCTIONS 


I 


In  investigation  of  systems  of  automatic  adjustment  and  control  by  electronic 
inalog  computers  there  often  is  the  necessity  of  reproduction  of  rational  fractional 
transfer  functions  of  form 


r (1)  =  +  *.r *. 

+  .. . +•<!/ i-e.  * 


(12. 1) 


wherem  ♦•-i . and  . given  constant  coefficients, 

and  p  is  a  complex  variable* 

To  such  transfer  functions  leads,  for  example,  approxitiste  presentation  of  delay 
by  Fade  series,  synthesis  of  correcting  circuits,  and  also  a  number  of  problems  of 
statistical  dynamics  of  automstic  control  systems. 

Application  differentiators  in  setup  circuits  of  those  transfer  functions  is  ex¬ 
cluded  due  to  sharp  amplification  of  interferences,  always  attending  output  signal 
cf  operational  air4>lifi«r;  presentation  of  the  right  side  as  a  given  function  of  tire 
is  possible  only  In  a  very  limited  number  of  cases,  when  beforehand  we  know  the 
law  of  change  of  input  signal. 

Frtxa  literature  ^A.  K.  Ganulich  (1],  D.  Michel  (1],  J.  H«  lanlng  and 
R.  H.  BatUn  (1},  C,  L,  JohoeonCl])  we  know  various  methods  of  reproduction  of  these 
transfer  functions  with  apg>lication  of  only  integrators  and  sumsrs.  These  methods 


can  be  reduced  to  four  main  ones: 

1)  direct  integration; 

2)  decomposition  of  transfer  function  L^^to  partial  fractiors  (method  of  trans¬ 
formation  of  structures); 

3)  expansion  into  first  order  equations; 

U)  combining  derivatives. 

These  methods  in  literature  were  not  compared  and  certain  of  them  were  mentioned 
only  casually.  Of  interest  also  is  establishment  of  the  possibility  of  their  prop¬ 
agation  when  coefficents  of  initial  differential  equations  for  (12.1)  are  given 
functions  of  time. 


1.  Method  of  Direct  Integration 

Let  system  of  automatic  control  be  deacribed  by  equation  of  form 

e,y  "•  h  «•-  tV  "  "  •  •  •  +  «iy  "  +  " -y  = 

It  is  required  to  find  y(t)  for  given  constant  coefficients  a^,  b^  (i  =  1,  2, 

.  .  .  .  ,  n)  and  perturbation  x,  whosu  dependence  on  tire  is  not  given  beforehand. 

For  finding  rules  of  composition  of  the  functional  diagrams  we  solve  the  initial 
equation  for  highest  order  derivative  y^”\  if  n  m,  or  when  n  ■■  m  for  the  difference 
of  highest  order  derivatives: 

•.y*"  -  V*  -  <e,-,y • 

Introducing  the  syn^Xic  designation  of  operation  of  Integration  f  ^  pt 
j  j'  dt  dt  “  ,  etc,,  we  will  receive 


••y  ^ 


In  order  to  preserve 


y  <«•  ly  -  ^  ly  -  - 

-  -irr  <*»y  ~  ~  jj*  ^‘"y  ~  ^ 

during  eet  ap  initial  valuee  of  coefilciente  a^,  b^,  we 
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add  t(>  the  left  and  rlfht  nidcn  of  expre'''3ion  (l?.?)  thr  tnrr  —  (a,,—]):'').  Alia 

rriiuit  wo  receive 

y  y*'.  iv  ^  .y  ^ 

f>X)  irh^X~iu^  |)V 

p  p 


1  xprer-t^ion  (Id. 3)  allows  us  directly  to  constitute  I'unrtional  setuf  diaprar,. 
Ir.uoed,  we  debirnate  in  (12,3)  the  sur.  of  terms,  containinr  s:Tholr.  '■f  operation  of 
inteyration  by  a  new  variable  then  we  will  receive  equation 


y -=<»|  3-^-^ -K  -  l)>.  (1^.4) 

For  further  construction  of  the  diaprar,  we  determine  the  value  of  the  nerivative  '  f 


rz^: 


P^i 


— :y  jr»-  . .  — 

•  ^  I 

<*iy  ^\X)  ~  1  ) 


Introducinp  desipnation 

^a—  —  y  <"*-ay  —  .  •  •  —  ,  <«iy  -  ^ 


AJ 


we  receive 


~  ^-rKy  -  M). 

=  -  (a,  T  tf 

cntinuinp  sl-llar  transfomations,  we  will  core  to  the  reneralized  expression 


~  4  z,.,  (*---1,2 . (12,5) 

.'Iqxiations  (32,1)  and  (12.5)  lead  directly  to  the  •atup  diarrarr  shown  in  Fip. 

213.  ""he  total  penerai  number  of  required  blocks  when  r  -  n  here  is  n  *  3.  »«hen 
m  >  n,  obviousl^v,  it  is  possible  to  do  without  the  output  adder,  and  then  nurhsr 
of  blocks  will  be  n  t  2,  T.'e  set  xip  diaprar.  for  that  case  cr»^5  autonatically  fro- 
the  one  in  Fip.  213  rejectinr  of  all  n  — >  r  —  I  eoqpllngt,  which  feed  Input  eli^tal  x 
forward.  Here  naturally,  there  is  the  possibility  to  extract  from  the  diaprar  ae- 
rivativee  of  output  coordlnat  y  of  order  above  n  — >  m  ■—  1.  J.  Hatyas  (1) first 


»It  is  necessary  to  turn  attention  to  the  fact  that  this  wethcd  is  useful  t- 
apply  with  sufficientl.^  larpe  r,  r  o  Otherwise  one  should  preliminarily  divide 
( 12 . 2  )  by  a  . 
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U) 


Fig.  21  j,  hetup  diagram  of  differantial  eriiation 
of  n-th  order  by  method  of  direct  integration, 

KEIY:  (a)  Odd;  (b)  S\en. 

indicated  this  possibility  and  fonnulateti  rules  of  composition  of  diagram  for  that 
particular  case. 

Initial  conditions  for  integrators  1,  2  and  n  can  be  calculated  by  the  given 
relationships  for  and  by  generalized  formula 

«0»  -  “  tO)  -  "  (0)1.  ( X2 . 6 ) 

where  J=n— k,  i“l,2,3»«»- 

Main  advantage  of  considered  laethod  is  that  setup  is  carried  out  with  respect 
initial  coefficients,  and  calculation  of  initial  conditions  ia  executed  conparatively 
simply. 


2.  PecoBipoeition  of  Transfer  function 

This  method  is  based  on  the  flict  that  any  transfer  f\mctlon  W(p),  where  p  is 
a  cor^lex  variable,  can  be  considered  as  a  trarisfer  function  of  a  certain  one-cir- 
c\;it  systec  with  negative  feedback,  which  in  the  direct  channel  hes  transfer  IWic- 
tion  d^(p},and  in  feedback  circuits  W^Cp).  On  fVinetiona  and  ^2  are  placed  ccxv 
ditions,  according  to  which  the  lauwrator  of  tiie  first  does  not  contain  tarns  with 
p,  and  ths  numsrstor  of  ths  second  can  have  a  polynoaiaX  of  p  with  degree,  one 
smaller  than  the  polynorlal  in  the  nuaerator  of  W(p). 


indeed,  let 
»'(/>)  - 


(U.7) 


Functional  diaf^ran  of  connection  of  Wj^(p)  and  ^^(p)  in  showr 


in  Fip,  214,  Let 


Kir.  21u,  "k^niv- 
alent  closed  clr-  W, 
cuit  of  connection 
..^(p)  and  W^Cp),  -ve  wil 


—  ‘  ^  ”  y(/»)  '  vV(V) 

.ve  will  find  condition,  which  TT^ist  be  satisfied  bp  ^-(p) 


Q2(p)  ana  Q^(p),  so  that  equality  (12.7)  is  correct: 


whence 


_ _ _ 

Pip)  (?,ii)(^i(f>  r<JAP)’ 

R{jf)=^Q>ip),  Pip)==^Q,ip}Q.(p)-r  Qi(p)- 


(12.9) 


(12.10) 


Frorr  condition  (12.10)  it  foliov/s  that  the  decree  of  pol:morlal  should  ta 
equal  to  the  diffei'oncc  r'f  d€/»,rees  of  pol^Tiorrdals  P(p)  and  R(p),  and  from  (12, B)  and 
(12,9) — the  def»ree  of  a  poiynondal  >»^(p)  should  be  one  less  than  the  de^nree  of  poly- 
nordal  R(p).  Isin!?  these  peculiarities,  it  is  possible  tc  write  the  general  form,  of 
pclynomlals  p)  and  .^^(p): 


Qi(p)=^liy.  I!/".; 


(12.11) 


wrufi  1^  anu  are  constants  to  be  determined, 

Foi*  example,  let  H(p)  ■-  bQ  +  bj^p  +  b2P^  +  b^pP,  and  P(p)  -  aQ  +  a^^P  a2P^  a^p^. 

Then  by  (12,11)  we  obtain: 

Qi  (P)  =  <0-  <?»  (P)  =  ^  4  A,  ip)  4  V*  -f-  lfiP\ 

Qjip)  ~  m^-\-  «,/>■+ 

To  determine  niQ,  m^,  and  ir^  wo  substitute  the  found  values  of 

in  (12,10).  As  a  result  we  receive 

flo  4-  =  tJ*iP'  +  A  «2)r  r  4-'"t)P-h/A+'"u* 

whence  the  sought  for  coefficients  will  be: 

4  —  -—,  =  /n^  —  aj 

mus, 

.<2(0)  in  turn  can  be  presented 

V,,{p) 
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where 


r„(p)  = 


! 


_ _ f#  f 


For  determination  of  unkno%m  coefficients  we  will  use  on  the  basis  of  (12,10) 


the  relationship 


^0  •+- -f  IfiP^  f  (^0  -f  «,p) («.,  r  «i/P  -i  -f  (fg  -r  ^iPi- 

Equating  coefficients,  we  receive: 


*1  ^  • 


rte 


will  decompose  '''^22^P^  partial  componen  s; 


<4  r  e,p 

Coefficients  r  and  q  we  will  determine  from  relationship 

^  K ^p  K \pP 

=  W.-T  '■n. 


whence 


m, 

cr 


a, 

=  (m, 

Thus,  the  problem  was  reduced  to  setup  of  the  IbU.owin^  system  of  equations; 

,  - 


(«,  -r  Itypiu  =-  y  ~  Hi. 

(Co-h  c^p)ut  =  r„uy 

Functional  and  setup  diagrams,  corresponding  to  this  system  of  equations^  are 
shoTvn  in  Figs,  215  &nd  216,  Initial  conditions  with  respect  to  new  variables  u,  u^^, 
and  u^  can  be  foxuid  by  the  given  initial  conditions  by  the  above  mentioned  system 
of  equations. 

As  follows  from  Fig,  216,  such  a  method  of  setup  requires  a  large  number  of  in¬ 
verters  as  compared  to  method  of  direct  integration.  Furthermore,  it  is  neces&^ry 
to  expend  comparatively  greater  time  on  calculation  of  coefficients  of  transformed 
equations. 
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Fip,  215.  Functional  dip 
prarr,  explaining  method  of 
decomposition  of  transfer 
function  into  partial  frac¬ 
tions  . 


Fig,  216.  oetup  diagram,  using  method  of  decompo¬ 
sition  of  transfer  function  into  partial  fractions. 


3.  expansion  of  Initial  Inhomogeneous  n-th  Order 
t^Quation  into  a  System  of  n  Inhomogeneous 
First  Order  P/auations 

This  expansion  is  not  unique,  however  the  best  result  is  yielded  by  the  method, 
described  by  J.  H.  Lanlng  and  R.  H.  Bat tin  [1]^  according  to  which  a  linear 


differential  equation  with  constant  coefficients 
</"v  </y 

■^1-  “•-«  "  "  (12.12) 

can  b«)  presented  in  the  form  of  a  system  of  liiiOar  first  order  differential  equa- 


tions: 
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y  —  yi  “i"  *11^’ 


di 


•,  =  y,-f  ijX. 


,y,  .  j  —  • .  •  —  ^iiVi  ’■>■*• 


(12.13) 


Indeed,  excluding  y^t  y2*  •  •  •  »  *  yn  equation  of  system  (12.13), 

we  arrive  at  an  equation  of  tl'.e  form 


rf*y  ^  ^  d*  'y 


Jr 


"  rf/** 


,  ,  ,  Jy  ^  * 


“H  (*»  - 1  “I"  |)  T 


Jt 


|)  .‘"r  •  ••  -r  <*1  -h  a»-  |*J  T  •  •  •  -f  (12.14) 


So  that  equations  (12.13)  and  (12.14)  were  identical,  it.  is  necessary,  that 
values  of  new  coefficients  satisfy  the  following  equalities: 


A)  =  »o-rai««-|-f  *.«,  2-^  -  -r»,  ,a,  -  a^a.,. 

A,  =  a,  1  -r  aja,.,  +  •  4  a,.  ,8,  - 

A,  =  a,  •  I  -r  . . .  a, .  ,0 ,  a,a^, 


^  - 


I  •  r 


(12.15) 


The  functional  circuit  is  constructed  for  system  of  eqijations  (12.13)  in  the 
form  shown  in  Fig.  217.  The  total  number  of  required  blocks  is  n  3.  Coefficients 
a, . 3,  easily  are  calculated  on  the  basis  of  (12.15)  by  consecutive  substi¬ 

tution  of  values  a^,  starting  with  «, -  A,.  Initial  conditions  with  respect  to  new 
variables  Vi.  . /,  are  determined  by  system  of  equations  (12,13)  by  given 

y(0).  y“MO) . y'*‘‘’(0>  ^nd  x(0).  x’**(0). - x‘*''*(0). 

As  an  example  let  us  consider  reproduction  of  transfer  function 


r(p)  = 


i  iT  ’ 


12 

t' 


t  • 


approximating  transfer  function  of  a  delay  link  by  a  Fade  series  where  g  <  ~  2. 

Here  n  ^  2.  a^ 

Equivalent  system  of  equations  on  basis  of  (12,13)  will  be  written  in  the  form 
(sero  initial  conditions  are  assumed) 


®  _  I  A  *2  .  _  •  A  ~  I* 

7  •  «i  ~  Ao  *=  :;r  •  n  “  7  •  •a  — 
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where  y  corresponds  to  output  sipnal  e,^^. 
and  J,.  on  basis  of  procedin/’  will  be 

^•-=^  *•  >1  *=*1-  *» 
Setup  diagrun  is  shown  in  Fig.  a. 


j,  y 


and  X  to  input 


T2 


-  y,  I  X;X. 

f-  '^’oef  riciento 


Fig.  217.  Setup  diagrar  of  n-th  order  differential 
equation,  composed  by  metnod  of  expansion  of  initial 
inhomogeneous  equation  into  n  inhomogeneous  first 
order  differential  equations. 


U,  Method  of  Combining  lerivatives 
*ve  divide  initial  equation  (12.12)  in  two,  introducing  new  variable 

(12.16) 


•ig  r 


As  a  result  we  obtain 


xpression  (12,16)  can  be  rewritten  in  differential  forrr.: 


(12.17) 


a*n  ,  a*''«  ,  jm 

-i^  +  *-<-i?rr  +  ■■■  +«I-^ 


-r  e^  -  X 


(12.1ft) 


-rr  composition  of  functional  setup  diagram  it  is  necessary  at  first  to  setup 
equation  (12,18)  by  aisthod  of  lowering  the  order  of  the  derivative,  and  then  fortr> 
the  sought  for  variable  y  in  the  form  of  the  sum  of  derivatives  of  u  with  corres¬ 
ponding  coefficients.  Values  of  derivatives  5(!f!L  are  obtained  directly  fror 

er 

corresponding  outputs  of  integrators  during  solution  of  equation  (12.16).  Certain 
simplification  of  the  setup  circuit  can  result  if  in  e<]uation  (12.17)  wt  exclude 
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Fig.  218.  DiAgrun  of  Mtup  of  ^IfferontlAl 
equation,  conapoeed  by  nethod  of  eonblning 

deriemtlvea. 


~~  by  aubetltutlon  of  its  taIu#  froa  equation  (12.18).  As  a  result  we  pass  to 
equations 


^,.-1  ^ 


y-^(-  A,a. 


it* 


. .  -r  (—  A*e|  -r 


rr  i_ 


4-  (—  A.e*  -t-  A.)  •  4-  A,x. 

The  functional  setup  dlagran  by  these  equations  for  a  ■■  n  *  3  !•  shown  in 
Fig.  218.  In  general  for  setup  It  is  necessary  to  hare  n  3  eoaputing  bloeks. 

For  detendnation  of  coefficients  during  setup  there  is  not  requires  fUlflllaent  of 
labor-cooMuaing  calculations. 


Methods  of  3lMiIatlon  of  Differential  Eouationi 

Methods  of  siaulation  of  differential  equations  with  rariabls  coefficients  are 
considered  sufficiently  enou^  by  J*  H.  and  B«  H.  Battia  [1]  and  J. 

Natyas  [3]  .  Therefore  we  will  Uait  ooreelres  here  only  to  brief  renarka. 

Coaposition  of  functional  setup  diagraa  in  oaae  of  solution  of  equation  (12.12) 
with  coefficients  rariable  In  tins  can  be  done  by  direct  intsfration  or  anthod  of 
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I 

i 

transition  to  an  equivalent  system  of  first  order  differential  equations.*  Main 
distinction  of  these  methods  consists  in  method  of  determination  of  new  variable  co-  | 


efficients  for  equations  to  be  set  up.  Indeed,  for  setup  by  method  of  direct  Inte- 
pration  we  replace  equation  (12,12)  by  equivalent  equation 


4 


/ 


(12.19) 


where  y,x  are  the  same  variable  as  in  (12.12)  and  ,  are  new  function#  of  time... 

Hsinp  properties  of  ad^^oint  linear  operators,  Natyas  (3]  showed  that  new  var-  ^ 

«a 

table  coefficient**  should  be  coupiinc  with  the  following  old  relatior?hipr:  ^ 


V 


I 

V 


<«•  — O’  y*-" 
-0’  "•  * 


-0.  I.  2. 


. .  (eh 


•V 

-f 


!»' 


I  U 


.M-Ii  _  <»*  —  O* 

'ln-aV’U-o' 


ji*  II 

•  I 


(♦  -  0.  I  2 . I»). 


Functional  setup  diagram  of  equation  (12,19)  is  obrained  by  method,  mentioned 
above  for  differential  equation  (12.12)  with  constant  coefficients  with  only  this 
difference,  that  in  corresponding  places  there  are  connected  dividers  of  variable 
coefficients  for  setting and 

Transition  to  an  equivalent  system  of  first  order  differential  equations  is  exe¬ 
cuted  ;ust  as  in  the  case  of  constant  coefficients,  but  now  new  coefficients  H 

*,  rtist  be  considered  certain  runctions  time.  Teteirdnatlon  of 

these  Ainctions  of  tine  by  initial  variable  coefficients  can  be  oone  on  the  basis 
cf  the  work  of  J,  H.  Unlnt  and  a,  H.  Battln  Cl)  by  recurrence  fonmiU: 

Frw  comparison  of  the  two  considered  methods  it  follows  that  transition  to 
equivalent  syeter.  of  first  order  differential  eq^ioM  requires  fulfillment  of  less!* 


^Methods  of  decomposition  of  transfer  Ainction  into  partial  fractions  and  co®-  p 
bining  of  dsrlvativea  turn  out  to  be  invalid,  alnce  they  lead  to  change  of  places 
of  differential  operators  which  is  imperaissible  with  variable  coefficients. 
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calculating  woric,  since  in  setup  there  participate  all  initial  variable  ooafficienta 
in  unconverted  fom.  During  solution  of  the  problmt  by  the  nethod  of  direct 
integration  it  is  necessary  anew  to  calculate  all  variable  coefficients  in  the 
equations  to  be  set  up. 

Comparison  of  considered  methods  of  simulation  of  a  rational  fractional  transfer 
fVinctions  allows  us  to  draw  the  following  conclusions: 

1.  Reproduction  of  rational  fractional  transfer  Amctlons  and  initial  differ¬ 
ential  equations  for  them  with  the  help  of  electronic  models  without  differentiating 
elements  is  possible  to  cariy  out  by  several  methods.  With  non-sero  initial  con¬ 
ditions  there  must  also  be  known  values  of  perturbation  and  its  n  — *  1  derivatives 

at  the  initial  moment  of  time. 

2.  Minima  number  of  operational  amplifiers  in  fbnctional  setup  circuit  in 
general  case  constitutes  n  -t'  3,  where  n  is  the  order  of  setup  differential  eq[uatl(m 
and  does  not  depend  on  method  of  setup.  An  exception  is  the  method  of  deconfwsition 
of  transfer  fVinction  into  partial  fractions,  leading  to  i\mctional  circuits  with  a 
large  number  of  operational  amplifiers. 

3.  Simplest  from  the  viewpoint  of  volume  of  required  preparatory  work  is 
method  of  cocnbiniitg  derivatives.  This  method  is  applicable  only  in  problMMi  with 
constant  coefficients. 

4.  During  resolution  of  problems  with  variable  eceffieienta  one  should  give 
preference  to  method  of  transition  to  equi^lent  system  of  firet  order  differential 
equations,  requiring  a  ninisum  of  auxiliary  ealeulationa. 


CHAPTER  XIII 

SIMUUTIOH  OP  NOfUNEAR  STSTStS  OP  AlfTCMATIC  CONTRA. 

N«c«Mlty  of  oolutioa  of  nociiiiMMur  problM  oppooro  ovory  tlao  it  la  naeoasary 
to  conaidar  bahavior  of  pyataai  of  autoaatic  control  with  output  bayond  tha  Unlta 
of  anall  dalfaetiona  of  ragulatad  nacnituda,  to  ccaMidar  llaitad  powar  of  objact 
and  actuating  ■achaniaa  of  rofulatoTt  lladtation  of  certain  coordinataa  of  ayatao, 
and  alao  a  nunbar  of  paeuXaritiaa,  acccnpanylng  physical  raallaatlon  of  ayataai 
(diy  frietlcnt  aona  of  inaanaitlvity,  gap  in  tTmanlaaicaia,  ate.  )•  Qft«n  ncaOinaar 
eomaetiona  ara  introdoead  in  ayataa  to  achiaatr  optian  prooaaaaa  of  adjuatnant. 

In  all  antaaaratad  eaaaa  it  ia  naoaaaary  not  only  to  daaalop  atabliity.  but 
alao  to  aalaet  atniotura  and  paranatara  of  ayatann,  anaaring  givan  eharaetar  of 
flow  of  proaaaa  of  adjuataant  for  all  poaalbla  parturbatiooa  in  ayatan. 

To  avoid  arrora*  daring  alilatioa  of  aonlinaar  ACS  ona  ahould  turn  apacial 
attantion  to  oorractnaaa  of  raeording  of  diffaraatial  aqaationa.  In  eonnaetion  with 
thia  it  ia  axpadiant  to  diatingaiah  raprodaation  of  nonMnaar  di^paiidaiieaa  ia 
alactronic  and  iaartial  alanaata  of  control  ajratana.  Aa  ana  alraady  oMtionad  in 
Chaptw  V  aonllnaaritiaa,  nat  ia  grot—  of  autonatio  control,  oaa  ba  divided  into 
typical  OHM.  thoaa  laadli^  to  alandstary  fOactiona  (ala  z,  coa  x»  jgr.  a/y»  au. ), 
and  arbitary  onaa,  cbtainad  frcni  aaparlannt. 


oBaaidaa  anther  thaaa  anna  arrora  nora  ladieatad  by  0.  1.  Nonaatyrahin  UJ 
who  off arad  to  roplaea  verbal  oKtoaalon  of  dafinltAon  and  lynpha  by  intredaetion 
of  fyakctioaa  sjyg|. 


If  for  •laulatlflii  of  arbitrory  nonliiiMritioo  and  nonllnaarltiaa  vhleki  load 
to  oioaontary  funetiona,  m  naod  apocial  nonllnaar  bloeka  (Saa  Chaptar  V,  VI,  VII 
and  VIII),  than  during  alaulation  of  typical  nonlinaaritiaa  wa  can  uaa  oparational 
angklifiara  in  coabination  with  dioda  liatitara  or  alactroaaohanical  ralaya. 

Typical  nonlinaaritiaa  ara  ahat  wa  uaually  call  nonlinaaritiaa,  connaetad  with 
intaraittant  ehangaa  of  tranaaiaaion  factor  of  aaparata  aactiona,  appearing  at  ooa 
or  another  value  of  input  or  output  aagnituda.  Such  intaraittant  changa  of  trana¬ 
aiaaion  factor  uaually  raaolta  froa  praaanoa  of  aona  of  inaanaitivity,  diy  friction, 
gapa  in  tranaaiaaiona,  ralay  eharaetarlatica,  Uaitaticn  of  eoordinataa,  apaada  and 
acealarationa  in  nodulua,  loop  hyataraaia  In  alaaaata  of  ragulator  and  oootroUad 
proeaaa*. 

1.  SjjBulation  of  Syaty  of  Autoaatic  Control  with  Tnxical  Monlinaar 

Charactariatica  in  aiaotronic  fl— wt.a  ' 

of  coor*«^VfT  In  lyaiaaa  of  antonatic  control 

for  eonatructiva  conaidarationa  and  dua  to  powar  liadtaiiona  uaually  tha  ranga  of 
changa  of  eoordinataa  ia  linitad« 

During  ainulation  of  aueh  ayatane  of  alaotronie  integrator  it  ia  nacaaaary  that 
output  voltage  of  one  or  anothar  oparational  aaplifiar,  rapraaanting  tha  coordinate 
intaraating  ua>  after  reaching  a  oartain  pradataiainad  value  doaa  not  ohanga  fdrthar. 
Thia  can  ba  raaliaad  by  eonaacting  a  dioda  lijdtar  in  tha  faadback  oireuit  or  at 
tna  output  of  oparational  anpUfiar.  In  Fig.  21Va  ia  daplotad  one  poaaibla  ichoaa 
of  connactiag  a  dioda  Uniter  in  faadbarb  oireuit  of  optratienal  aaplifiar.  At  low 
valuaa  of  input  voltage  diodaa  A*  and  ara  loahad  by  voltage  *  S  and  •»!  froa 
outaida  aourca  and  operational  anpl  1  fiar  whan  ^  ^  tranaaiaaion  factor  X  «  1. 

•vuaationa  of  alnulatlnt  typical  nonlinaaritiaa  already  ware  touahad  upon  in 
in  literature  by  varioua  auihora  (Saa  T.  H.  Sokolov  (IJ,  A.  A.  Fal/dbaua  (3J,  C.  D. 
Norrlll  and  R.  F.  Baua  (2],  9.  Ta.  togan  UJ,  C.  A.  Nanalay  (IJ  and  othara). 


Iii)«n  undMT  ills  Influcne*  of  ineroaalng  Input  voltago,  output  voltog*  attains  absolute 
■a^itude  value  E,  one  diode  will  unlock,  and  now  transBisslcn  factor  of  aaplifier 


win  be 


(i  f-  -  *”  1 

V  r~r,4  r,,.  >  *  * 


(13.1) 


When  •  Rj  •  1  aegoha,  r_,  •  500  oa,  Tq  •  5000  oa,  r  ■  33  kiloha,  r, ,  *  10  kilohm, 

we  wiU  take  K  •  -  5.65  •  10 

It  is  obvious  that  with  such  a  aMlI  tranaaission  factor  of  block  it  is  possible 

with  accuracy  sufficient  for  practice  to  consider  aagnitude  on  its  output  constant 
during  change  of  input  aagnitude. 

Changing  aagnitude  of  resistance  R2,  it  is  possible  to  affect  steepness  of  change 
of  output  voltage  of  block  in  the  interval  between  the  boundaries  of  liadtation. 
Especiallj  iaportant  is  the  case  where  R^  » .  .  Here,  by  in  force  of  the  very  large 
gain  factor  of  aaplifier  it  is  possible  to  consider  that  output  voltage  reaches  its 
limit  with  the  slightest  change  of  ix^sit  voltage  (Pig.  219c).  Such  a  block  repro* 
duces  a-fom  nonlinear  eharacteristlca. 


Pig.  219.  Operational  anplifier  with  diode 
Uniter  in  ftsedbaek  clreait. 


Dlafrta  of  eonnoetlaii  of  Ualtar  to  output  of  oporutloiittl  Mplifior  (S««  R.  I. 
Modkoff  and  R.  I.  Paront  [Ij)  la  ahow  In  PlR.  220a.  At  low  output  volta<a  of 
block  diodaa  -/f  •^2-  and  -It  paaa  current,  and  dlffaranea  of  potential* 

between  point*  a  and  b  i*  equal  to  a*ro.  Therefor  e  •>  e«  .  Depending 

ff 

upon  nagnitude  of  E  and  r  for  definite  value  of  r,^,,  --  - 1  ,  diod** 

J,  and  then  J,  lock,  and  when  r*  ,  <>  diode*  //..  aou  lock,  a*  a  recult 

of  which  voltage  on  output  reeictor  with  ft*rih*r  increaae  of  resadn*  unchanged 

and  equal  to  l  .  Such  liniter  a*  eoapared  with  eonaldered  one  ha*  only  the 

advantage  that  it  give*  nore  accurate  cutoff  of  output  voltage.  However,  it  ha* 
*ignificantl]r  higher  output  lapedanc*,  increa*ing  with  growth  of  voltage  of  lindta- 
tion,  and  it  require*  twice  the  nuaber  of  diode*. 


rig.  220.  Operational  ai^lifier  wiU.  diode 
llaiter  at  output. 


Aeovrate  sHtlrig  of  volt4ig«  of  llaltatlcKi  is  Also  glvsn  by  ths  circuit  of  s 
triods  liaitsr  (Pig»  22(%)f  connseted  in  ths  fssdbsok  circuit  of  ths  opsrstioml 
saplifisr.  Hsrs  txdodss  In  s<ms  of  linssr  chsngs  of  output  voltsgs  rssisin  locksd 
dus  to  ntgstivs  voItAge  bstwssn  grid  And  esthods. 

Slops  of  ehsrsetsristle  of  circuit  uhsn  diodse  srs  ecsiducting  turns  out  to  bs 
SHAllsr  thsn  for  diodss  dus  to  rssiovsl  of  rssistsriCs  of  divisor  Tq  dscrssss  of 
intsmsi  rsslstsnee  of  triods  Kith  ssro  grid  potsntisl. 

Rsiaroduiitlon  of  sons  of  inssnsitivity.  If  diods  liioaitsr,  dspictad  in  Fig, 
219s,  is  comsetsd  ir  ssrlsc  idth  input  i^ps<Uu>cs  of  opsrstionsl  ss^llfisr,  thsn 
trsasaission  fsctox*  of  such  block  will  ehsnge  just  ss  trsnsnlsslcni  factor  of  ths 
ssction  possessing  smm  of  inssnsitivity  changes  (Fig^  211s).  Canbinstion  of  two 
diode  limiter,  one,  in  series  with  input  ispodsnee  end  ths  other,  psrsllel  to  feed- 
bsek  inpsdsnss  of  operstionsl  soqplifier,  allows  us  to  repredues  static  character* 
istics  of  a  sectic!!  of  a  system  of  autaastic  control,  possessing  sones  of  insensi¬ 
tivity  with  siaultsnsous  limitation  of  output  mogrdltuds  in  modulus. 


-f 


Fig.  221.  Sohsms  for  simulating  a  sons  of 
Inssnsitivity. 

If  in  oehems  of  Fig.  221  we  ohonge  msgnitude  of  resistance  R^,  then  it  is 
possible  to  change  steepneas  of  voltage  build-up  at  output  and  when  0  we 

eon  get  proetieidly  instantaneous  build-up.  With  llsdLtation  of  output  voltage  of 
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•ub8«quftnt  block  In  Fig.  209*  or  th«  vary  entm  block  in  Fig.  220  it  it  poMlblo  to 
r«pro<iuc9  characteristic  of  a  relay  with  restoration  coefficient,  equal  to  one 
(Fig.  221b). 

Simulation  of  transmission  gaps.  For  reproduction  of  static  characteristics  of 
a  section,  containing  a  gap  in  kinematic  circuit,  there  should  be  routed  eosiponents, 
reproducing  the  area  of  insensitivity,  and  also  devices  keeping  constant  the  value 
of  output  coordinate  with  ci^fnge  of  directicn  of  acticm  of  driving  eoaponent  until 
the  whole  gap  of  the  kinematic  circuit  is  taken  out.  Upm  such  consideration  they 
usually  assume  that  the  driven  competent  dtwss  not  poesess  a  leonent  of  inertia,  Imt 
is  under  influence  of  amsll  moiBent  of  grieti(»i,  as  a  conse<^uenee  of  which  it  keeps 
its  position,  antedating  chaise  of  direction  of  motion  of  master  conponsnt. 


Fig.  222*  Simulating  gaps  in  transmissions. 

In  the  schemb  of  Fig.  222a  as  the  oeisory  component  there  is  used  sn  operational 
amplifier  with  capacitor  in  feedback  circidts  and  at  input.  Tranasdssion  of  such 
dscisive  amplifier  will  be: 


- 


(13.2) 


When  we  disconnect  the  input  circuit  output  voltage  keepa  its  previous  valus 
thanks  to  very  slow  dischargs  of  capacitor  C^.  Capacitor  with  accuracy  up  to 
s^  always  is  charged  to  voltage  e  ~  •  and  therefore  automaticallyi  ensures 
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secondary  switehlAg  <n  of  cimiit  with  daeraaiw  of  infMt  voXiace  by  a  Magnitude, 
equal  to  2  •  . 

Schene  of  Fig.  222b  la  built  on  principle  of  aervo  aysteai.  Input  magnitude 
here  ia  compared  with  output  on  flrat  operational  amplifier.  In  the  atrengthening 
errora  amplification  channel  are  connected  in  aeriea  a  diode  limiter,  awitching  on 
the  circuit  only  when  input  magnitude  exceeds  output  bf  magnitude  1  *  ,  and  an 
Integrating  operational  amplifier  with  a  large  amplification  factor,  at  idtoae  out¬ 
put  voltage  is  preserved  during  breaking  of  the  channel  of  error  amplification  by 
diode  limiter.  In  nui^r  of  operational  amplifiers  the  diagram  of  Fig.  22a  is  more 
econonlcal.  To  decrease  error  of  flrat  diagram  due  to  reaistance,  introduced  by 
diode  limiter  to  in;Mt  of  flrat  operational  amplifier,  one  should  decrease  capeci- 
tance  of  capaeitora  utlllaad  in  this  circuit. 

With  help  of  these  diagrams  it  ia  possible  also  approximately  to  reproduce 
characteriatlcs  of  steady-state  mode  of  a  section,  poaaeasing  magnetic  hysteresis.* 

Simulation  of  static  relay  characteristics.  A  scheme  for  reproduction  of 
static  relay  charaeterlatlce  taking  inot  account  restoration  coefficient  shown  in 
Fig.  223a  (B.  Ta«  Kogan  (4j).  It  consists  of  two  operational  amplifiers  1  and  2 
with  limiters  in  feedback  circuit,  changing  lika  relays  output  voltage  with  change 
of  sign  of  input  voltage,  and  one  auiming  amplifier  3*  In  absence  of  input  signal 
due  to  constant  voltages  +Uq  and  -Uq  fed  to  inputs  of  amplifiers  1  and  2,  on  output 
of  sunning  amplifier  voltage  turns  out  to  be  equal  to  aero.  When  with  growth  of 
input  voltage  polarity  of  total  voltage  changes,  for  example  at  input  of  amplifier 
1,  then  on  output  of  eumning  amplifier  3  there  will  appear  with  a  jump  voltage  2ju, 
Part  of  this  voltage,  taken  from  the  divider,  movec  in  the  form  of  positive  feed¬ 
back  to  input  of  amplifiers  1  and  2.  Theref ore,  with  decrease  of  input  signal 

*For  aeheam  of  modeling  ol  family  of  static  hystereeie  loope  see  article  of 
V.  G.  Vaall'yev.  V.  A.  Zverev  ^J. 
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Fig.  223.  Scheiws  for  slaalating  static  relay 
characteristics. 


change  of  sign  of  output  voltage  of  aaplifier  1  occurs  now  with  a  value  of  e,^  *  Uq, 
but  with  a  value  of  e  *  Uq>U^.  The  Icwer  part  of  the  scheae  works  analogously 
with  opposite  on  input  signal. 

(ki  oscillograms  of  Fig.  224a  are  shown  dependences  of  e  on  e  ,,  ,  received 
with  the  help  of  considered  scheae  for  various  values  of  Uq.  ^  and  U  ^  .  In  Fig. 
223b  is  presented  a  diagram  of  modeling  of  static  relay  characteristics  on  two 
operational  amplifiers,  offered  by  A.  I.  Manukhin  11  j.  Reduction  of  number  of 
operational  amplifiers  here  is  attained  by  limitation  of  possibilities  of  the  cir¬ 
cuit.  (1^  here  can  change  from  0  to  4  v,  Uq  from  0  to  6  v  and  2£  from  24  to  100  v. 

Combination  of  a  relay  element  and  memory  unit  in  the  form  of  integrating 
amplifier  in  a  circuit  with  negative  feedback  (C.  A.  Meneley  llj)  allows  us  to 
reproduce  approximately  the  static  characteristic  of  a  linear  potent iometric  pickup 
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tAklng  Into  account  step  nature  of  potcntloMtcr. 
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Pig.  224.  OMllIogroM 
of  work  of  ochwe  froa 
Pig.  223. 


Pig.  223.  Choroctcrictlc  of  potentioMtrie  pick 
up  toklaa  into  account  step  nature  of  potentio- 
■eter  and  fundoaental  circuit  of  its  ej^ectronic 
■odel. 

KST:  (a)  Relay  elaaent. 


In  fig.  225  ia  chcMn  fdnrte—ntel  circuit  of  such  a  device.  Depending  upon 
farm  of  choracterietic  of  relay  eleaent  (1  or  II  ia  fig.  225)  it  ie  poeeible 
apTsrodciaately  to  aodel  tlie  etep  nature  of  poteniicaeter  accordingly  without  colcu 
latlon  or  taking  into  occout  the  gap  in  kiaeaatice  of  the  cureor  drive. 


Relay  eleaent  con  be  aide  in  vorioue  wayet  by  thyratrone,  neon  tubee  or  acre 
accurately  by  the  dlofrea  of  fig.  223  (See  N.  A.  Stamj^Mn  C3J)* 

The  connecticn  between  poroartere  of  the  diogrea,  the  choracterietic  of  the 
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•t«p  are  glwn  by  r«lation8hlps:« 


Speed  of  voltage  build-up  of  a  step  will  be 


/  \  _ 

'  4tep^^* 

CoBiparison  of  iiarrams  on  Fi<^s.  21V,  22U,  221,  222,  223  and  224,  shows  that  for 
nprodi'ction  of  typical  nonlinearities  of  electron.ic  eleaents  of  systesM  of  autoaatic 
control  it  is  sufficient  to  have  a  diode  llA^ter  and  a  certain  number  of  usual  opera¬ 
tional  amplifiers. 

Let  us  consider  as  an  example  simulation  of  several  typical  nonlinear  problems 
of  autasMtic  control  on  dc  electronic  analog  computers. 

Simulating  relay  system  of  automatic  control.  Equations  of  investigated  systems 
are  given  in  the  form 


226.  Relay  charac- 


(/*•  t  2  1-  r»  X,  -  *x,.  i 

',-/(*,)  I  (13.3) 

Function  f(x2)  is  given  by  graph  (Fig.  226a). 

It  is  required  to  detensioe  character  of  transients 
with  initial  conditions  <2(0)  *  d^(0)  *  0  and 

various  values  of  k,  nasmly:  k  •  304,  k  •  400,  k  • 
k  -  200  and  k  •  100. 

The  setup  diagram  on  model  for  given  eqiuations 
(13.3)  is  shown  in  Fig.  227.  Ths  dotted  line  circles 
that  part  of  the  diagram  mhich  reprodteees  the 


u 


_ f.mristlos  — 

*In  these  relationships  the  minus  eigr  is  omitted  and  it  is  taken  that 


r«Iiy  eh«ract«rlatie. 

Equations  for  voltagss  for  tvsrjr  block  of  ths  setup  discrsai  will  b«: 

V,  -  - 

V.~-K,V, 


rif.  227.  funetional  disfrsa  of  slaula* 
tion  of  rslasf  qrstsa  cf  antcKatls  eootrol. 

Solving  tiis  rssultiiv  nfstssi  of  squations  for  U^.  shisli  rsprsssnU  eoordiaaU 

X2»  rsssivs 

mar  trtnsforaaUosi  of  varltbla  *1  *  ** 
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Coaptring  with  inltlAl  •quations  *nd  taking  Uiat  M,,  ^  ^  '  ^0.1  and 

•  i/$  Iw 

M*,  —  ‘M*.  »  w«  have 

=3  I,  -  k}|kj|k||  ~  k, 

«/,-/<(/*).  </,-  J*-. 

Dependence  l\  /!^^)  with  the  taken  nuMrieal  values  of  scale  Is  shown  in 
Fig.  226b. 

Since  coefficient  k  significantly  differs  froa  reaalning  coefficients  and 
thereby  causes  difficulty  during  setup  (possibility  of  output  of  blocks  beyond 
the  limits  of  linearity),  it  is  expedient  to  introduce  a  tins  scale. 

If  one  sets  t  ,  then  initial  equations  will  take  the  fora 

3=  -  0.S35  -  0.1 1  lx,  -  X,. 

Now  transaisslcn  factors  of  separate  blocks  can  be  determined  from  relation¬ 
ships: 

X-  0.835. 

ij*j  —  0. 1 1 1 . 

-T- 


Values  of  every  treiuaission  factor  for  various  k  are  brought  in  the  following 
table. 


Table  X 
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KET:  (a)  Pari— t>T|  (b)  Ca  xulatact;  (c) 
ii^cparl— ntal. 


Pi«.  229.  nta—  poriralU  of 
roUjr  sritoB  of  —tfl— tic  coo- 
trol. 


frcB  ccai^iMB  of  data  of  the  table  can 
aaa  auffleiaiitljr  —11  eoincldanea  of  calculating 
and  aoepori— ntal  valiiaa.  A  picture  of  phaea 
pla—,  photc(grophod  trm  aeroan  of  eathoda-ra(f 
oaeiUooeopa  for  thraa  valuaa  k  •  30t,  400  and 
100  ant  aarloua  initial  canditiccia,  ia  ahown  in 


Pig.  22Sia»  b,  c. 

laaolta  of  aspori— at  acafim  praaanca  of  a 
aUbla  Halt  cpala  itfMn  k  •  400,  304  and  200. 


rttt  wOwtotlon  ter  UidWMai  rf  warw*  .f 
tnm  rf  »l.rtr—oh1g»l  Is  n«- 

230  ia  liraim^t  tin  fbnda— ntal  circuit  of 
alaatro^kpdr— lie  aorvo  epatca,  uaad  in  daviea, 
iotandad  far  ac— araion  of  output  voltaga  of 
aloatrcoic  —dal  loto  aagla  of  rotaiica  of  plat« 
fc—  (V.  A.  OMkhlov  (IJ).  a—ii  con— rtora  ara 
raqairad  ia  a  natoor  of  aaaaa  of  at— latlon 
uttli  ila— Ota  of  tin  ccotrol  loop. 
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hqVAtion  of  Botlon  of  Mporato  oloaonto  of  diograa  on  tht  MOUKptl<»  that  load 
of  hydraulic  oorvoaotor  is  saall  and  nonlinsarity  is  davslopad  only  in  llaiUtlon 
of  currant  of  slectroaechanical  convsrtar,  will  bs: 
aquation  of  hydraulic  sarvoantor 


(IJ.k) 


where  ^  is  anfls  of  rotation  of  aarvcsK>tor,  p,  is  displacsaent  of  valve,  k  ,, 
is  proportionality  factor; 

equation  of  notion  of  valve  with  hydraulic  aaplifiar 


lii'ere  is  tias  constant,  and  p  is  dislocation  of  needle  of  hydraulic  aaplifier; 


fi<.  230,  Ihinrtsmtsl  circuit  of 
elaetiXHlgrdraaUe  aarvo  qysteia.  1— 
alactrona  chanical  ccnvarter,  2— fMMotio- 
■star  ot  aattlag  of  table,  3--l^ydrattUe 
■mllfler,  4*-pielcup  of  spaed,  3-~potantio- 
■atar  of  feedback,  6— Iqrdiaulic  actuator, 
7— disobarge. 


equation  of  elaetroascbaaiaal  eenvartar  (^^lay) 

+  V»- 
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(13.6) 


«iher«  Ij — current  of  control  in  relijr  coll,  varlftble  within  Halts  A  <  <  A,  K  p 

is  proportionality  factor ,  T^,  are  tiae  constants; 
equation  of  electronic  aaplifler 


;; 


)] 


(i;.- ) 


4here  Vy  is  steepness  of  aopllfier,  — feedback  factor,  T^,  are  tine  constants 
of  differentiating  circuits  with  respect  to  first  and  second  derivatives. 

Problem  consists  of  finding  Influence  of  Hjaltation  of  control  current  on  the 
transient  in  the  system  with  the  following  numerical  parameters: 

1.16  sec.  Am  =  105  l/f  «.  r,  =  0.38  10  *  sec. 
r,  =  0.l5  I0**sec*.  r,  =  0.18  10  ’sec.  A,  =  0.13  10  *  f 
S,  =  12.8  Ma/i.  A^  -  57.3  v/deg  .  —  50  jie  <  /^  <  50  Jie. 

=  20  I0’*sec.  7?  -  0.8  -  I0'*sec>. 


functional  diagram  of  setup  of  these  equations  Is  shoim  in  fig.  231.  Taking 

scales  of  representation  of  Initial  variable 

=0.1.  r=o.i  and  = 


we  receive  transoxisslon  factors  of  separate  cooputer  blocks: 

a:,,  9.5.  Af„  10.  ATo  -=  1.2.  .•T,,  «  10.  =  6.67. 

Af„^4.  g„-  26,3.  Af,,«9,05.  Afj<  _  b.73.  Ar^»6.7l. 

Afji  «  I,  Afji  =3  I. 


Fig.  231.  functional  dlagnus  ot  slaulatlon  of  electro- 
hydraulic  servo  pysten. 
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Reaulta  of  oscilloacoplng  tr&naients  during  aten  change  of  input  aign*!  «*« 
shown  in  Fig,  232m,  b  accordingly  for  a  linear  problem  and  taking  into  account 
limitation  of  current  ly.  Cacillograma  show  noticeable  lowering  of  aperd  of  reaching 
steady-state  value  with  limitation  of  current. 

I'!,  is  necessary  to  indicate  that  during  construction  of  converting  devices 
large  difficulties  arise,  caused  by  the  fact  that  natural  parameters  of  the  device 
must  not  distort  processes  of  adjustment,  obtained  in  the  simulation.  Therefore, 
tne  transmission  band  of  the  converter  should  be  at  least  one  order  wider  than  the 
transmission  band  of  the  investigated  system. 


232.  CsclUograiBs  of  processes  of  ad¬ 
justment  in  elsctro-hydravlic  servo  system, 
obtained  during  simulation. 

At  present  converters  are  constructed  on  the  basis  of  a  servo  system,  converting 
voltage  into  angle  of  rotation,  voltage  into  angular  velocity  of  rotation  of  plat > 
form  and,  finally,  in  the  form  of  a  model  of  physical  analogy,  converting  voltage  of 
model  into  moment  aetirg  on  shaft  of  a  oiechanlcal  s;^''stem  with  one  degree  of  freedom. 
Ore  example  of  a  converter,  based  on  caed>lned  use  of  enumerated  principles,  is 
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deacribod  in  work  of  L.  N,  Fit8n«r  [j] 


2 .  Simulation  of  Syeteaw  of  Automatic  Control  with 
Typical  Wonlinearltles  Xr.  Inertial  Klwaanta 

Siamlation  taking  into  account  liaitation  of  coordinates ♦  During  simulation 

of  limitations  of  coordinates  of  electronic  elements  (for  ejtaaple,  limitation  <>1  out¬ 


put  voltage  of  electronic  amplifier)  it  makes  no  difference  xhere  the  amplifier  is 
coupled  in,  at  input,  output  or  in  feedback  circuit  of  operational  amplifier. 


Fig.  233 «  Diagram  of  electrc«>hydraullc  servo  system,  from 
book  of  G.  Kojm  and  T,  Korn  [Ij,  i — pickup  of  input 
signal,  2— potent icw» trie  pickup  of  misamtch,  3—f««d“ 
back,  4 — load,  5 — s«rvooiotor,  6— converter,  7 — aaqjiifier, 

8 — valve, 

Ccrapletely  otherwise  stands  the  natter  uurlng  reproduction  of  limitations  of 
coordinates  in  inertial  elements.  For  example  let  us  consider  simulation  of  the 
hydraulic  actuating  mechanism  of  the  servo  system,  described  in  the  hook  of  G.  Korn 
and  T.  Kom  [IJ.  Equation  of  motion  of  this  actuating  mechanism  (Fig.  233)  in 
linearised  form  will  be: 

a)  for  electronic  amplifier 

^  (13.8) 

b)  for  electromechanical  converter  (relay,  solemoid,  etc) 

(13.9) 
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c )  for  vmive 


(u.io) 


cl)  for  servomotor 


Tjtx  ^  k^. 


iij.n) 


In  renlity  corrdinates  U,  p  end  x  cannot  change  infinitely.  Thanks  to  finite 
value  of  voltage  of  power  supplies  and  load  output  voltage  of  amplifier  can  change 
linearly  only  within  limits  't,  '  A  ,  Thai  %  a  to  limited  productivity  of  oil 

puatp  and  finite  area  of  apertures,  covered  by  valve,  'y  Aj,  and,  consequently, 
speed  px,  developed  by  piston,  will  also  bo  limited.  Also  limited  will  be  movement 
of  piston  Jf  ( —  <  jr  < 

After  coordinates  U,  p  and  x  reach  limits,  these  equations  of  motion  become 
invalid.  Assuming  that  vibration  in  mounts  does  not.  occur  and  limitations  of 
coordinates  do  not  set  on  simultaneously,  we  airive  at  the  following  possible  cases 


t.  “f"  0®  ~  I 

4-  T^p -f  Dp  =  A,«.  when  \k^^  >  =  coost. 

Tipx  =  Ajp  I 


2  U  =  j 

(T,^+ D«  — I  vdien 

pp  =  0,  f>  =  Aj.  I  but  1*4*1 
TfPX  =  *4'^  i 


3. 

( ^iP  4“  D  *  —  *jf^ ' 

-f-  l>p  •=  *j®. 

px=rQ, 

X  A. 


when  (*i*I  < 

1*3*1  <  ^2- 


Ti 


fm 


It  is  obvious  that  during  simulation  it  is  necessary  to  have  the  possibility 
of  reproducing  all  enumerated  cases.  Frequent ly^  they  disregard  such  detailed  re¬ 
cording  of  equations,  as  a  result  of  which  they  allow  incorrectness  into  solution 
of  the  problem. 
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In  Fig.  23A&  la  ahown  aatup  dlftgram  of  conpfutar  blocka  of  the  model,  brought 
in  the  mentioned  book  of  G,  Kom  and  T.  Korn,  for  aolution  of  the  placed  problem. 

From  analysia  of  thia  diagram  it  follo^ra  that  afier  working  of  the  output 
limiter  integrating  amplifier a  4  and  5  will  continue  to  integrate  input  aignala,  and 
up  to  moment  of  reverse  movement  of  servomotor  on  these  integrators  there  can  be 
established  voltage  of  any  magnitude  (within  limits  of  linearity).  These  voltages 

d-i 

will  represent  initial  conditions  %rith  respect  to  coordinates  and  ?.  for 
reverse  movement  and  will  lead  to  motl<»i8  of  system,  in  principle  differing  from 
those,  which  should  take  place  in  reality. 

In  Fig.  234b  is  shown  a  diagram  of  simulation,  without  the  Indicated  deficien¬ 
cies.  Limitation  of  the  coordinate  of  the  Inertial  element  here  is  attained  by 
forced  conversion  to  aero  of  its  speed  by  means  of  short-circuiting  the  feedback 
circuit  of  the  corresponding  operational  amplifier.  For  every  limited  coordinate 
here  there  are  introduced  two  additional  units:  a  comparator  and  a  unit  of  the 
sign  of  acceleration.  For  the  purpose  of  greatest  graphicness  for  connutation,  in 
the  circuit  there  are  used  electromagnetic  and  polarised  relays  (r^).  Analogous 
comnutatlon  when  Indispensable  can  be  fulfilled  on  diode  keys. 

Simulating  an  inertial  actuating  mechanism  taking  into  account  dry  friction 
on  output  shaft.  Dry  friction  in  an  electr<mic  element  usual^  is  reproduced  by 
the  sane  circuits,  which  are  used  for  obtaining  the  static  characteristic  of  clear¬ 
ance. 

For  an  inertial  element  such  an  approach  leads  to  incorrect  results.  As  it  is 
known,  equation  of  inertall  actuating  mechanism  taking  into  account  moswnt  of 
freictlon  on  output  shaft  can  be  reduced  to  the  fora 

(fp  -f-  - 

•rtien*^0or  if  •  =  0.  but  |4a|  >  ^  .  . 

^  (13.12) 

and  •*  = 

^en«»0  M 


Fig«  234.  Functional  diagram  of  simulation  of  CAP  of 
Fig.  233. 


Hera  T  Is  time  constant  of  actiiatlng  mechanism,  x  Is  output  coordinate  of 
actuating  mechanism,  w  Is  speed  of  output  shaft,  <r  Is  control  signal,  k — ampli¬ 
fication  factor,  M-rp  Is  mcaent  of  dry  friction,  t  Is  coefficient  of  self-le veiling. 

Moment  of  friction  uhen  w  «  0  Is  equal  in  moduJas  and  opposite  In  direction 
to  total  effective  moment  kj  as  land  as  the  latter  does  not  excel  limit  value 

In  Fig.  235a  Is  brought  diagram  of  solution  of  this  equation  on  a  model.  Until 
the  Input  signal  Is  less  than  voltage,  which  represents  friction  U  rp  ,  the  circuit 
works  as  a  unique  relay  servo  system.  Operational  amplifier  2  here  reproduces  th. 
relay  characteristic.  Indeed,  with  output  voltage  \U^\  < Ifj  gain  factor  of 
amplifier  due  to  breaking  of  feedback  Is  very  great  and  the  least  change  of  Input 
signal  leads  to  appearance  at  outpi*  of  signal  or  -E  depending  upon  sign  of  Input 
signal.  If  the  Input  signal  determines  speed,  then  output  signal  of  such  block  will 
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r«tr»— nt  ■oarat  of  friction. 

Oitput  voltngo  of  firit  block,  which  is  tho  nlMMitch  signal  of  the  considsrod 
ssrvo  systaa,  will  bo  nlnuto  (since  gain  factor  of  subsoquont  block  is  very  groat), 
and,  thoroforo,  as  long  asU9<  U^p  and  consoquontly,  Urp  in  nagnltudo 

will  follow  U  0  . 

After  signal  U,  exceeds  value  of  the  latter  does  not  change  further  arid 

processes  In  systen  occur  In  accordance  with  given  equation  for  constant  value  of 
U  .  For  renoval  of  natural  oeclllations,  appearing  in  circuit  of  model  during 

work  in  mode  of  relay  servo  system,  one  must  connect  in  feedback  circuit  of  opera- 
tional  aaqsUfler  2  small  capacitance  of  order  C  ^  300  pf . 

In  Fig.  235b,  c  are  brought  osciUograms  of  change  of  separate  voltages  in  the 
clrcxilt  of  Fig.  235a  when  tlas  constant  is  T  •  1  sec  and  0.4  milliseconds.  The  last 
ease  takes  place  during  calculation  of  dry  friction,  for  exasqpls,  in  low-inertia 
sensor  of  a  regulator. 

As  an  example  let  us  consider  siaulatlon  of  the  system  of  autosmtlc  control  of 
speed  of  steam  turbine  taking  into  account  f>rietloa  in  valve  of  servomotor.* 

During  investlgstlon  of  the  system  of  automatic  control  of  speed  of  steam 
turbine  on  stand  in  the  VTI  (All  Union  "CMer  of  Red  Banner  of  Labor**  Scientific 
Research  Institute  of  Heat  Engineering  in  name  o’'  F.  E.  Dserihinskiy )  there  were 
revealed  natural  oeclUatlJos  of  Uw  control  system  in  ^h«  prejatMe  of  flrlotlon, 
artificially  introduced  in  sensor  of  control  circuit  .th  diagonal  coupling.  There 
was  fonmUated  the  problem  of  reproducing  these  pheaemma  on  an  f  lectronic  model  and 
of  investigating  Influeaos  of  magnituds  of  introduced  friction  on  character  of 
trensieata,  amplitude  and  frequency  of  nmtural  oeciHatiana. 

Squalona,  which  deeerlbe  motion  of  «nveetlgated  system  of  autosmtlc  ccmtrol, 

•Work  on  slsulatlon  of  this  CAP  is  bslng  conducted  by  the  author  with  G.  A. 
Klrokospenta. 


accenting  to  the  data  of  VTI  have  fora: 


equation  of  eensor 


=  •ig*  ) . 

equation  of  valve 


•  «-  fi. 


(13.13) 


(13.14) 


equation  of  servoaotor 


(13.1^) 


equation  of  controlled  proceaa 

+  *?  =  (! (13.16) 

where  n  ie  coordinate  of  eenaor,  m  i«  coordinate  of  aervoaotor  <r  ia  coordinate  of 

valve,  If  ia  regulated  aagnitwla  (apaed),  e  la  coeffielent  of  aelf«la veiling, 

r  ia  force  of  dry  friction,  T^,  T  ,  T  are  tiaa  conaUata  of  ayatea. 

n  c  a 

Equationa  are  given  in  relative  aagnitudea. 

functional  aetup  diagraa  of  theae  equationa  on  electronic  aodel  is  ahoan  in 
Fig.  236.  For  reproduction  of  friction  w*  uae  the  earlier  oonaidered  circuit.  The 
connection  between  tranaaiaaion  factora  of  eeparate  blocica  and  ooeffieienta  of 
differential  equationa  ia  deterained  frea  eqaationat 

■7^  “ 

If., ';r‘ 

r, 
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oeclUofnuM  of  fig,  2fJ  tor  iUustrfttion  of  rocoivod  rosulta  thoro  aro 
brou^t  tranaianta  in  syalom  at  initial  valua  of  eoordinatoa  n(0)-0, 

M  (0)  “  1  and  valuaa  of  paraaatara  Tj^  -  0.22  aec;  -0.3  aac,  «  ■0.316,  Ta  -  0.41 

aac,  •  1,16,  ■  2,3  /J„“0.92  without  and  with  of  frictional  forca  r  ■-  o.l. 


fig,  237.  OaoiUograna  of  tranaianta  in  ayataa 
of  autoaatie  oontrol  of  apaad  of  ataaai  turbina. 
a)  for  linaariaad  ajataa,  b)  with  eaXeulation 
for  di7  frietiao  in  valva  of  aarvoBotor. 

As  followa  fron  tha  oaclllatpaaB,  with  thaaa  valuaa  of  paraaatara  of  ayataa 
and  ita  atruetura  flrietioo  in  aanaor  laada  to  appaaranea  of  natural  oaciliationa  and 
eonaidarably  woraana  q^alitj  of  proaaaa. 

Siaulatioo  of  inartial  actuating  aaofaaniaa  tairlng  into  account  aana  in  kinaaatic 
circuit,  inart ial  load  and  frictiop  on  output  ahaft.  Lat  ua  conaidar  aquation  of 
notion  of  aetuatinf{  naehaaiaa,  in  which  aotor  ia  eouplad  with  rcfulatinc  unit  bf 
naana  of  gaar  traa.'^aaaicn,  poaaaaaint  olaaraaea  (Flf.  233).  da  will  alao  conaidar 
inartia  of  tha  ragv.atad  tait  and  aonKit  of  load,  eraatad  bgr  it  on  output  ahaft 
of  raduetor.*  iqaation  of  noti  jn  of  aueh  dfnanie  ajrctan  will  wary  dapanding  upon 
whathar  thara  ia  aalactad  a  gap  in  trananlaalon  or  not. 


*Aa  far  aa  thia  author  knowa,  aiaulation  of  aueh  a  problan  waa  firat  conaidarad 
by  A.  A.  Fal'dhaun  C4j;  aaa  alao  A.  A.  Fal'dbaua  and  S.  P.  QRufryuk  (Ij. 


t 

f 


I 
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Take  the  follcawing  designations:  is  given  mcaent  of  inertia  of  driving 

shaft,  is  moment  of  inertia  of  driven  shaft,  I,  is  coordinate  of  driving  shaft, 
i,  is  coordinate  of  driven  shaft  axis,  •  is  gap  of  transmission,  is  mcoent, 
developed  by  motor  of  actuating  mechanism  on  driving  shaft,  M  is  counteracting 
moment,  developed  by  load  (in  particular  case  this  can  be  moment  of  dry  friction). 


Gr-HSl 


I  ^  ^0 


^  uins  4f  I— ^ — 


Fig.  238.  Toward  deriving  equations 
(12.21).  1 — motor  of  actuating  mechanism, 

2— reductor,  3 — regulated  unit. 


Breaking  of  system  due  to  presence  of  transmissian  clearance  wiU  take  place 
whenever  |i,  —  ^|  <^  •  Here  equationa  of  motion  of  driving  and  drivmn  elements 
will  be  independent: 


(13-17) 

(13.1B) 


When  gap  is  seleetsd  =3)  ,  sfstem  «dll  move  ss  s  «hols.  Here  we  will 

receive 

A)  -JJ  =  (13.19) 

IXuring  eolation  of  this  problem  cn  s  alau later  it  is  possible  to  use  two  dif¬ 
ferent  methods.  Introducing  for  consideration  mmsant  of  resetiom  of  drivsn  element 
to  driving  and  of  driving  to  driven*  (s^iggested  by  A.  A.  Fel'dbmum)  It  is  possibls 
to  preserve  recording  of  e<^tian  of  motion  of  considered  system  in  the  fot«  of 
■ysimi  of  two  equations  both  for  motion  in  sane  of  gap,  and  for  motions  with 


*n\ysically  this  mnmsnt  of  rsaction  can  be  treated  aa  a  mnmwit  of  elaatie 
strains,  appearing  in  redactor  during  tranamiaaiaii  of  moving  i^msot  to  load. 


Mitetad  {{«p.  In  another  atthod  of  ao^utlon  of  prob.M  trantition  froa  aystaa  of 
tao  indapandant  aquatlona  (13.17)  and  (13.18)  to  aquation  (13.19)  Is  cazrriod  cut 
autaaaiicallj  with  dapartura  froa  claaranoa  liaits. 

Dataraining  in  first  caaa  asaant  as 


a  (l,  —  li  —  -yl  Htian  ji,  —  ijl  >  ^  . 
®  whan  Sl  • 

A  ~  ^  4-  whan  —  ij!  >  y . 


l|>0. 

*,<0. 


(13.20) 


wa  writa  aquations  of  notion  of  considarad  actuating  asch^.^vijk^  in  t 


h  ^  K- 
J,  ^  Af,— .1,. 


(13.21) 


Vlg.  239.  Funotlonal  dla^pnui  of  sinu- 
lation  of  proeasaas  in  inarilnl  alanants 
aontalnlng  gapa. 

lliut,  problan  of  sinulstio'.  or  mertiai  actuating  necnanisss  in  lha  pyasfince 
of  gap  in  trananission  boils  down  to  sciuticn  of  systsss  cf  mwilinaar  aquaiior'.s, 
into  which  thara  antara  nonlinaar  function  ^letarwinad  by  ralationship  (13.20)). 
i^h cn  »  0  (action  in  tons  of  gap),  systsa  of  invastigatad  aquations  bacoces  frea, 

and  whan  /  0  It  Is  connactad.  Ronlinaar  function  Hq  it  ««ra  cac^.utatas  syst* 
of  aquations  (13.21).  Fonsing  of  this  ftjoction  is  aost  conraniwvtly  earrlad  out  by 
two  oparational  aaplifiars,  uni  tad  In  sari  as  with  dioda  aisatants. 

Fig.  239  is  brought  coaplata  diagrSB  of  siaulaticn  of  considarad  prcblan. 
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series  with  diods  •l«aenta. 


In  Fl|j,  ?39  is  brcufrht  complete  diegrem  of  simulation  of  considered  problem. 

Tt  differs  from  that  offered  by  A.  A.  Feld'baum  only  in  smaller  number  of  operational 
amplifiers  ind  coverage  of  diodes  J^^  and  -d,  by  a  feedback  circuit.  The  latter  pur¬ 
sue  the  goal  of  decreasing  error,  caused  by  nonlinearity  of  volt-ampere  charact  eris¬ 
tic  of  diodes  with  small  plate  •'^Itages,  Diodes  and  4*  coupled  in  circuit  of 
auxiliary  feedback  of  amplifiers  3  and  6,  serve  to  switch  In  this  feedback  during 

break  of  main  diodes  and  4,  This  ensures  press,  vatlon  of  voltage  at  summing 

points  of  operational  amplifiers  3  and  6  In  all  regimes  at  a  very  low  level  and 
allows  us  to  receive  output  voltage  In  blocks  3  and  6  practically  eqxial  to  »ero 
*ihsn  diodes  4,  and  4^  are  locked. 

<^en  notice  is  in  the  sane  of  clearance  {  op  *1  — 

diodes  Jj  and  4,  «re  locked  and  4,  and  4,  are  unlocked  and  variablea  and 

^  change  independently  (accordingly  under  the  influence  only  of  M  „  and  M.  ). 

Oitside  the  clearance  aooe^jd,  — ij|  ^spending  upon  direction  of  rotation  either 

diode  4]  ,  <r  diode  opene  ani  the  circuit  as  a  whole  should  reproduce  equation 

(13.19). 


S  t 


Fig.  210.  Equivalent  scheme  for  limit  ceee  of 
Fig.  239. 

In  Fig.  210  Is  depicted  diagrea  of  model  for  that  limit  case  under  the  con¬ 
dition  that  '  ,  0.  With  change  of  direction  of  motion  (  *<, «  0  )  diagram  of 

Fig.  210  in  structure  remains  as  before,  but  in  it  operetional  emplifler  3  should 


b9  r«plACod  by  opsratlonal  uapllfier  6  tog9th«r  with  connacted  input  iaped&ncea. 

lute  will  find  thoea  liBitatiuns,  which  it  ie  nacaasary  to  put  on  paraiaatara  of 
diagraa  (Fig,  240),  so  that  tranaiants  in  it  ara  daacribad  by  aquation  (13.19). 
Output  voltage  of  an^Ufiar  3  taking  into  account  switchad  in  feedback  circuit  of 


integrators  can  bo  writte  in  the  form 


*“3?r 


r®  +  i 


(13.22) 


wh»re  Ttt Tj,  -  = 


With  sufficiently  large  gain  factor  K^,  when  in  working  range  of  frequencies 


the  following  is  valid 


|r..  +  F«4-F„  r,.r,.  ,1 


expression  (13.22)  can,  with  accuracy  sufficient  for  practice  bo  presented  in  the 


form 


(13.23) 


Equation,  carmactlzig  output  voltage  of  fifth  block  with  input  of  fourth,  will  be 


where 


(13.24) 


In  the  model,  presented  in  Fig.  240,  voltage  represents  output  coordinate 
'>j  .*  Thereforoi  equations  (13.23)  and  (13.24),  describing  processes  in  consideicd 
circuit  should  be  solved  for  voltage  U^. 

After  excluding  and  tranaltioii  to  originals  taking  Into  account  that 
■  const,  we  receive 


*Wlth  opposite  sign. 
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Asstuoing  T  ^  ^  3  ^  conaldering  that  acalct  Ay  of  Input  MMfnitudaa  «r« 

selectod  identical,  i,e.,  Af„.  and  i»e  will  receive 

(r.,  •  f>,  4  r,.r„  N)  =  *,(.m„  -  m,,.  (13.26) 

So  that  equation  (lj.26)  is  Identical  to  equation  (13.19)»  It  is  necessary, 
that  when  we  have 


where  is  scale  factor  of  output  magnitude. 

Main  deficiency  of  presented  method  of  solution  is  inclination  of  circuit  of 
model  to  generate  undanqwd  oscillations.  Indeed,  considering  circuit  of  Fig.  240 
in  the  form  of  one  amplifier  with  complicated  feedback,  we  can  verify  that  in  its 
circuit  for  a  finite  value  of  gain  factor  there  oust  appear  undaBq>ed  oscillations. 

If  one  were  to  consider  that  gain  factor  is  not  a  constant  magnitude,  and  by 
force  of  inertness  of  the  aapllfier  represents  a  certain  function  of  frequency, 
then  the  possibility  of  loss  of  stability  will  becosw  evident.  I^sence  of  undamped 
oscillations  leads  to  distortion  of  transmission  of  signals  of  main  process  of 
adjuatment.  Use  of  usual  methods  of  removal  of  these  oscillations  leads  to  lowering 
upper  limit  of  frequencies  of  signals,  developed  without  distortion  in  such  slmla- 
tion  of  the  investigated  servo  system. 

In  connection  with  this  it  is  useful  to  consider  another  method  of  solution  of 
the  formulated  problem,  in  which  sirailtenoously  on  models  there  is  not  reproduced 
the  main  process  of  adjustment  and  oscillations,  caused  by  elastic  deformations  in 
transmission,  but  there  is  carried  out  automatically  transition  from  one  differential 
equations  (13.17)  and  (13.18)  to  another  (13.19)  and  back  depending  upon  state  gap 
in  transmissions. 

If  Fig.  241a  is  piresented  a  complete  fundamental  circuit  of  the  model,  necessary 
during  solution  of  problem  by  the  considered  method.  In  circuit  are  shown  vhose 
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switching  op«rfttionf),  t^ich  provide  trensltlon  from  equAtion  (IJ.r/)  end  (13. IB) 
to  equetion  (13.19)  end  vice  veree.  These  operetions  ere  executed  by  norroeily- 
closed  diode  keys  K2»  end  normelly  open  ones  and  K^.  Chenge  of  stete  of 
key  is  car.  led  out  by  connuteting  voltage  jHJ  ,  appearing  every  time  after  selection 
of  gap  in  transmission.  With  appearance  of  conmutating  voltage  occ^irs  cross-connoc- 
tion  of  input  voltages  to  blocks  1  and  4  and  disconnection  of  block  5  from  block  4. 
Siinultanemisly)  with  this  transmission  factor  of  blocks  1  and  4  increases  which  re¬ 
produces  increase  of  general  moment  of  Inertia  of  system  due  to  raoncnt  of  inertia 
of  output  axis. 

So  that  after  selection  of  clearance  we  have  equality  5,  —  .  in  the 

circuit  is  an  additional  sixth  block,  forming  circuit  of  negative  feedback  for 
blocks  5  and  3.  Selecting  great  gain  factor  of  this  circuit  (by  decrease  of  ’52^* 
it  is  possible  to  achieve  satisfactory  accuracy  of  tracking.  Voltage  is 

fed  to  block  4  so  that  at  output  of  this  block  after  selection  of  clearance  we  re¬ 
ceive  voltage,  proportional  to  4i  .  This  voltage  dxiring  reverse  injxit  in  tone  of 
clearance  serves  as  voltage  of  initial  conditions  and  ensures, thereby)  correct 
repeated  union  of  blocks  4  and  5. 

F\indaiasntal  circuit  of  normally-closed  diode  key,  shunting  input  in^edance  of 
operational  anpliflers  is  shown  in  Fig.  241b.  From  this  diagram  it  is  possible 
to  obtain  the  diagram  of  nomially  closed  key  K3.  With  change  of  polarity  of  voltages 
and  U  00  »  ^  obtain  diagram  of  keys  and  K^. 

Impedances  of  namally-closed  key  are  selected  from  relationships: 

in  absence  of  cannutatlng  voltage 

^  (13,27) 

in  the  presence  of  conmiutating  voltage 

:j:(/.KU±  ±  (13.28) 
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Hence 


If 


K  ^  *»«••»  V  V  V  1  •••■m  V  •>.  ^nawi  oi^ 

*  ~l/~*'iV 

=  i  30  V.  |B«»  ~  =  ±  100  v.  then 


—  “3*  ^u*  ^  2K,,. 


I  ^ 

▼  -Ai 


Fig.  241<  Diagram  of  slnnilation  of  processes  In 
inertial  eleoents  with  gap,  based  oi  application  of 
electronic  keys. 

KEY:  (a)  Output. 

Conductance  usvially  is  determined  fron  required  values  of  trananission 
factor  of  block  in  every  position  of  key.  Let  there  be  given  two  required  values  of 
transmission  factors  of  block  and  K2  accordingly  for  closed  and  opened  state  of 
key.  Then 


_ a  F,, 


^1  **  ~p^  =  2 

Li 

V, 


*  n  1 

rt  yr ' 


Hence 


‘  (13.29) 

Considered  examples  of  slmulatlan  of  certain  nonlinear  probleu  also  give  an 
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ideA  of  atethode  of  sinulAting  parobleiRa  of  adjustmont,  requiring  realisation  of  Auto> 
matlc  transition  from  certain  equations  to  others,  differing  not  only  in  coefficients, 
but  also  in  structure.  Apparently,  presented  methods  may  also  be  used  for  realisa¬ 
tion  of  automatic  transiti<m  of  a  CAP  from  one  law  of  adjustment  to  another  depending 
upcm  phase  and  nature  of  the  transient. 

3 .  Examples  of  Solution  of  Nonlinear  Problems  of  Automatic  Control 
During  investigation  of  systems  of  automatic  control  by  electrcmic  models  it 
is  possible  to  obtain  not  only  particular  solutions,  correct  for  the  given  numericai. 
values  of  parameters,  but  also,  idiich  is  very  valuable,  to  reveal  the  total  picture 
of  possible  motions  for  glvne  struct\u*e  of  the  system  and,  thus,  to  make  recasmenda- 
tlons  on  selection  of  paramters.  Let  us  consider  the  method  of  fonsulating  such 
investigations  with  two  exaji^les  of  very  simple  systems  of  industrial  control.* 

As  the  first  example  let  us  consider  system  of  automatic  control  of  inertial 
object  of  first  order,  regulated  by  relay  astatic  regulator.  Here  ws  will  assume 
presence  of  delay  r  in  transmission  of  controller  action.  In  these  conditions  con¬ 
sidered  system  of  automatic  control  is  described  by  following  system  of  differential 
equations: 

^•^4- ?=»*«!»(#-■').  -^  =/(?).  (13.30) 


where  Tq  Is  time  constant  of  object,  k^  is  aEq)liflcation  factor  of  object,  t  is 
time  lag,  is  controlling  action,  f  is  controlled  variable,  and  function  f (  ?  ) 
is  determined  thus: 


0  when  —  n  <  T  <  9.. 

±  A  when  9  >  9«  and  9  <  —  9»- 


^These  exMples  were  considered  by  author  on  the  advice  of  A.  Ta.  Lemer. 


Fig.  242.  Functional  dlagraa  of  slnulAtion  of 
astatic  relay  system  of  automatic  control  with 
constant  delay.  is  delay  block.  Dotted 

line  circles  circuit,  reproducing  i*elay  charac¬ 
teristics. 

The  problem  is  set  in  the  foHcwlng  form:  to  find  decomposition  of  plane  of 
parameters  of  system  k^  and  ^  into  regiens  wxth  attenuating  process  and  natural 
oscillations  for  various  values  of  the  zaie  of  insensitivity  of  relsy  (  rm-i 
is  maximum  value  of  controlled  variable)  and  Initial  conditions  f(^}  *  0.  uiOt  -0  ^ 

Setup  diagram  is  shown  in  Pig.  242*  During  simulation  there  was  established 
a  fixed  value  of  magnitude  A.  Change  of  magnitude  A  is  equivalent  to  change  of 
k^.  Magnitude  Tq  for  convenience  was  taken  equal  to  1.0  sec.  Zone  of  Insensitivity 
of  relay  was  set  equal  to  in  *  0.1  and  0.0$.  Zone  of  insensitivity  is  related 

to  K  f  (0),  since  experiment  7(0)3?m«  •  Results  of  simulation  for  value  ^  (Oh 
*^1  is  shown  in  Fig.  243a,  and  b.  In  Pig.  243a  is  brought  decoa|>osition  of  plane  of 
characteristic  parameters  of  system,  and  In  Pig.  243b  is  the  dependence  of  amplitude 
7,,  and  frequency  /..  of  natural  oscillation  on  .  These  materials  allow 

us  to  make  selection  of  main  parameters  of  object  and  regulator  on  first  stages  of 
projection,  and  also  forLuilate  a  number  of  valuable  conclusicms  about  properties  of 
considered  control  system. 

As  a  second  example  of  sisulatlon  of  control  process  let  us  consider  the  same 
object  as  in  the  preceding  case,  but  with  a  proportional-pulse  controller.  Equations 
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Fi<.  243*  •)  Boundarlat  of  regions 
with  sttenusting  processes  and  stable 
natural  oscillations  in  plane  of  par*- 
■eters  kg  and  ^for  astatic  relay  CAP 
with  delay.  l»reglon  of  stable  oscil¬ 
lations,  II— region  of  attenuating 
processes,  b)  Dependence  of  frequency 
and  aoplitude  of  natural  oscillations 
on  'with  various  values  of  ko  and  ^  . 


describing  process  of  adjustawnt  in  this  case  are: 


(13.31) 


r,  =S*g|»(/  —  t). 

T,  Jf  *=/(?  —  «). 

where  7.  ifi  tine  constant  of  servomotor,  *  Is  coordinate  of  the  driftless  stabiliser 
ij  time  constant  of  the  driftless  stabiliser,  ^  is  proportionality  factor  of  the 
driftless  stabiliser.  Operating  characteristic  of  servomotor  f(?  — 0  is  given  by 
graph  of  Fig.  244. 


Fig.  244.  Characteristic  of  actuating 

mechanism. 

We  find,  as  before,  decoa^>08ition  of  plane  of  parameters  of  aystem  kQ  and  y~ 
into  values  regions  with  stable  self^excited  and  attenuating  processes  for  two 
values  of  seme  of  insensitivity  of  servoswtor  and  various  values  of  coefficient  of 
the  drift less  stabiliser  on  the  condition  that  T,  ■  Tq  (condition  "tuned 
driftless  stabiliser”.  A.  A.  Voronov  [Ij).  Functional  setup  diagram  is  shown  in 
Fig.  245.  We  take  also  -  10,  A  -  1,  tan  ^  -  1  and  Tq  -  1  sec.  Change  of 

magnitude  A  and  tan  ^  ends  to  increase  or  decrease  of  general  gain  factor.  Change 
of  ko  work*  in  the  earns  direction.  In  Fig.  246  »re  giv«  resul.ts  of  ccoducted  in¬ 
vestigations.  Oscillograms  of  Fig.  247a  and  b  iUustrate  effect  of  introduction  of 
a  driftness  stabiliser  in  considered  system.  As  foUoms  from  these  oaciUograma, 
without  a  driftlecs  stabiliser  in  system  imisemlssibla  natural  oaciUatloos  is  set. 
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Introduction  of  th«  driftloss  st«blllser  ronovas  natural  oscillation  and  ensuras 
raductlon  of  duration  of  tranalants  approxlaataly  to  one  half-pariod  of  natural 
oscillations. 


Fig.  245.  Functional  diagran  of  sisulating  a 
CAP  by  proportional-plus-floating  eontrollar. 
sj 'delay  block. 

Invastigaticn  of  trariSiants  in  grstana  of  autonatic  control  with  nonlinear 
damping.  Lately  nonlinear  feedbacks  have  found  wide  application  for  InproveMnt 
of  quality  of  transients  in  systesw  of  automatic  control.  However,  calculation  of 
transients  in  such  systems ,  usxially  executed  by  approodmate  numerical  methods,  turns 
out  to  be  very  labor-consusdng.  We  will  show  as  an  example  detenainatlon  of 
transients  in  such  systesu  by  a  simulator. 

In  Fig.  248  is  shown  a  servo  system  (See  Dsh.  L'yuis  [  ?  Lewis  or  Louis]  llj), 
in  which  for  improvement  of  quality  of  transients  there  is  introduced  additional 
damping,  opposite  in  sign  to  signal  of  main  dating  and  proportional  to  product  of 
performance  speed  by  the  magnitude  of  error  signal.  In  beginning  of  process,  when 
error  signal  is  great,  additional  damping  considerably  decreases  total  damping  in 
system  and,  thereby,  ensures  maximiai  possible  build«up  speed  of  process.  With 
decrease  of  error  signal  additional  daaping  decreases  and  system  is  effectively 
braked. 

If  we  disregard  inductances  of  armature  and  excitation  coll  of  tachogenerator, 
and  also  the  delay,  introduced  by  amplifiers  and  equation  of  motion 
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of  considered  servo  sjstea  csn  be  reduced  to  the  fora 


tit* 


^  -  O  ^  =  Dx„. 


(13.32) 


Fig.  246.  Boundaries  of  regions  with  atten~ 
uatlng  and  divergent  processes  In  plane  of 
parsMters  kn  and  ^  with  various  values 
of  ^  l«-reglan  of  divergent  oscilla¬ 
tions,  II— region  of  attenuating  processes, 

L—L— boundary  of  unstable  Halt  cycles. 

Coefficients  A  and  B  are  determined  by  paraaetere  of  aotor,  tachogenerator  and 
areplifiers. 

Problea  consists  of  detersdning  character  of  transients  in  systea  for  pre¬ 
selected  paraaetere  j  a.  ^  7.2.  ,  step  change  of  Input  signal 

X  "1  and  aero  initial  conditions. 

Functional  setup  dlagraa  Is  shown  in  Fig.  249.  Here  to  obtain  Identical  effect 
during  supplying  and  reaoval  of  perturbation  Into  the  aultlpller  there  Is  Intro¬ 
duced  the  aodulus  of  error  signal.  Obtaining  of  aodulus  of  variable  Is  attained 
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by  uM  of  addltionaJ  8ign>lnv«rtlrvc  a«pllfi«r  6  *n<l  two  diodot  J  ,  coupl*d  oy 


«  schene  of  fuli-wavo  rectification. 

Equations  of  voltages  for  separate  computing  blocks  of  the  functional  diagraa 
ha.^  the  form: 

W'a4  t/A«). 

t/,- 

-  -  ^.^0- 


Solving  this  system  of  equations  for  voltage  112,  representing  in  the  circuit  initial 
variable  x  ,  we  will  receive 

-H^U  ~  ^  “rf/* 


Introducing  transformation  of  variables  x,,  -  x,^,  =  and 

assuming  Mt  *=  I,  we  will  reels ve  after  comparison  with  initial  equation  (12.32): 


A 


^'ll 


^  I|35^»I  ^41 

A»„  '  “  ^  y;  ■  y, 


--  15.2 


ji  --  ''I 


A'. 


K 


;i 


*u,., 

if.; 


Assuming  K41  “  and  -  1  and  considering  that  'y,  ,  we  select  scales  of 

presentation  of  variables.  Having  in  mind  best  use  of  full  scale  of  sKidel,  we  let 
X »  1  be  represented  in  installation  by  voltage  Uq  »  100.  Then  .U,,  if..,  u  ui. 

Here  tranasdssion  of  factors  of  blocks  will  be: 


a;,  -  I. 


Aji  A,, 
-.1. 


5.07.  a;,  A,, 

-0.72 
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1,01. 


d) 

KIk.  Transient*  In  s«rvo  s/stam:  a) 

with  linaar  damping  and  atep  input;  b)  with 
nonlinear  damping  and  step  input;  c)  with 
lineer  damping  and  ainusoidel  input;  d)  with 
nonllneax  damping  and  sinuaoidAl  input. 

In  Fig.  250  are  ahown  oacillograms  of  tranaienta  in  the  circuit  for  two  caaes: 
with  auppljing  of  unit  perturbation  a  and  b  and  with  sinusoidal  input  0  and  d.  As 
can  be  seen  from  the  osclUograma,  duration  of  tranaients  in  system  with  unit  per¬ 
turbation  is  reduced  appraximateljr  to  half  of  that  with  linear  variant  system, 
posaeasing  fairly  great  damping. 

With  ainuaoidal  input  there  is  attained  certain  decrease  of  phase  shift,  but 


f' 


th«r«  *pp«&r  significant  ''cnlinaar  distortions.  Ths  iattar  Indicatas  ones  again 


the  imll-knosm 
must  not  .ludge 


fact  that  by  rsacti'^.  nonlinaAT  system  to  unit  perturbations  ona 
its  behavior  durinx  pertiurbations  of  other  types. 


CHAPTKE  XIV 


METHODS  OP  SIMULATING  AUTCMATIC  STSTHMS 
WTH  DYNAMTC  RANGE  OP  CHANGE  OP  VARIAaLE, 

EXCEEDING  DYNAMIC  RANGE  OP  ELECTRONIC  MOutL 

As  is  Icnown,  dynaaic  range  of  the  best  aodels  of  electonlc  analogs  does  not 
exceed  10^.  However}  In  solving  a  number  of  probleaui  of  automation  it  is  necessar7 
to  deal  with  cases,  when  range  of  change  of  variable  considerabiy  exceeds  this  figtire, 
Among  these  cases  one  can  mention  solution  of  problem  of  moving  a  flying  object 
into  the  sons  of  self>guidance,  processes  of  nuclear  reactor  startup,  solution  of 
certain  probleu  of  automation  of  chemical  processus,  etc.  In  solving  these  problems 
use  of  electronic  isodels  requires  application  of  special  methods.  Of  these  methods 
one  should  asntion:  1)  decompoeition  of  total  interval  of  change  of  variables  into 
subranges  with  Lirits,  p«rB!i.*>3lLle  to>'  execvronic  model,  uf  change  and  leali^ti^ 
of  automatic  transition  from  one  step  to  the  next  with  corresponding  change  of 
scales  of  representation  of  variables  and  transmissions  factors  of  separate  blocks; 

2)  transfoimatlon  of  Initial  equations  into  logarithmic  presentation  of  variables. 

Below  both  enumerated  methods  are  expounded  in  the  example  of  investigation  of 
processes  of  starting  a  nuclear  reactor  (B.  Ta.  Kogan  16 J).  Application  of 
electronic  models  also  to  reproduction  of  processes  of  starting  considerably  expands 
region  of  their  application,  especially  as  trainers.  I 
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1 .  PWKUaenf  i  iiquat*  oni  of  R— ctor  startup 
To  shcm  the  main  Irntn  of  etArtinp  a  reactor  ma  vlil  write  the  oquetlon  of 
kinetics  in  sijnplified  form,  k^th  this  aim  we  will  take  "one  group"  theory  of 
calculation  of  delayed  neutrons,  and  also  the  assumption  that  all  allocated  power 
goes  for  heating  the  reactor,  and  the  effective  toultiplication  factor  linearly  de¬ 
pends  on  position  of  the  moderating  rod  and  temperature.  Upon  these  assumptions 
"  have : 


an 

at 

ac 

~at 


"4  7  «  - 


S. 


ar 

at 


(U.l) 


where  ^  at  ~iT. 

Here  are  accepted  the  following  designations  ;  n— total  number  of  neutrons 
at  moment  of  time  t;  ''*..»  —effective  multiplication  factor;  ^  —percent  of 
delayed  neutrons  in  total  niuaber  of  fission  neutrons;  1— average  lifetime  of  prompt 
neutron;  C— number  of  radioactive  fragments  of  equivalent  group  of  delayed  neutrons; 

A -disintegration  constant  cf  radioactive  fragmsi^.s  'f  i^^/alant  group;  S— number 
of  neut.’ons,  radiated  by  outside  source,  ^  —average  temperature  of  reactor;  u 
— proportionality  factor,  determined  by  physical  properties  of  material  of  active 
aone  and  geometry  of  reactor;  a— speed  of  change  of  reactance  with  advancement  of 
rod;  2  — temperature  coefficient  of  reactance. 

^y  solving  system  (14.1)  one  must  receive  dependences  n(t),  C(t)  and  7 (t)  for 
linear  movement  of  i^s  and  given  initial  conditions. 

Neutron  power  of  reactor  and  concentration  of  nuelei-emitters  of  delayed  neutrona 
here  can  change  in  very  wide  limits  (for  exaaple,  from  0  to  10^^). 
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2,  Solution  of  i-xja*tl"»na  of  Startup  ibv 
Solution  of  equations  of  stATtur  by  sections  can  be  carried  both  man'aai  ly 
and  autonaticalljr.  In  the  first  case  solution  is  conducted  up  to  toe  moment,  when 
volta^je,  representing  in  the  model  Initial  variable  n,  reaches  iX'  v.  Then  the 
insf^liation  is  changed  to  t'.e  "stop"  mode,  we  record  values  of  ail  voltage:  on  in¬ 
tegrators  toward  the  end  of  the  period  of  solution.  EJeforo  beginning  the  following 
stage  of  solution  the  new  initial  conditions  are  st ^  in  a  scale,  corresponding  this 
section  of  the  solution.  As  shown  below,  values  of  transrission  factors  of 
certain  computing  blocks  of  the  model  must  change  with  each  transition  to  a  new 
scale  of  repreaentaticm  of  variables. 


Ft«.  251.  Setup  diagram  of  equations  of 
reactor. 

Indeed,  relationehipe  for  voltagee  in  the  eetup  diagram  of  equations  (lA.l) 


(Fig.  251)  wiU  be: 


(U.2) 


dU 


rft'. 


•^  -  -  #r„t/,  -  O.OIAfa^  ,l/,t/,  -  K^U,. 
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Intjrod'icln^  scAlas  o/  rapraamtatlon  of  inltliJl  varlAbla*  «  ^ 

C  “  *^^2*  ^  •  M,  Vy  ^  S^M^Ug  and  eonaidarinc  ti«»  actla 

to  b«  ana,  wi  will  racalva  tha  foHowli^j  ralatiooatilpa  batwaan  eoaffielanta  of 
initial  aquation,  acalaa  and  trAnaaiaaion  faetora  of  aaparata  blocka: 
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^  a 
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:  y  . 
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fjnm  aaaljala  of  thaaa  ralaticnablpa  It  followa  that  during  thrjogd  of  aaalaa 
M,  and  Nc  during  traaaitloos  froa  ana  aactlon  of  tha  azeuraloa  to  tha  naoct  It  la 
aiaultanaaaaljr  naoaaaary  to  ehanga  raluaa  of  a,  and  •)  .  Thua,  for  anagila,  If 

in  proeaai  of  atartup  M ,  Inoraaaaa  with  traaaitlon  froa  ana  aaetioa  to  tha  aart 
bjr  an  crdar,  than  coaffioiant  ^iculd  ba  ioeraaaad  bjr  tha  &tmr*  aagnttaita  «,  anl 
coafflelant  ahould  daeraaaa. 

During  prooaaa  aatoaatian  of  alaadation  of  atartup  of  raactor  «iUt  variabla 
acalaa  of  rapraaantation  of  variablaa  it  ia  aaaaaaair  to  antiaipata  ■twalatlon  In 
naw  aaala  of  aoltaga  of  laiaioi  eonditicna  for  tha  foLloaing  ataga  of  aolatioa. 

Thia  ean  ba  raaliaad  in  priaaipla  bgr  aarioua  anaorp  wita.  In  tha  work  of  •.  Ta. 
Kogan  C6]  it  aaa  with  thia  ala  that  it  aaa  propoaad  to  doiihla  part  of  oparatioaal 
alnaanta  of  aat  ia  ordar,  that  wbaa  '>na  part  ia  aaaapiad  ia  aoiation,  tha  nthar 
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Tig,  253<  OseilloirM  of  ttariing  proooof  of  roMtor  bj  stops. 
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is  pr«p«r«d  for  solution,  staring  In  nsw  seals  ths  initial  conditions. 

In  Fig.  252  is  shown  setup  diagran  taking  into  account  autcoatic  transition 
from  section  to  section. 

Control  circuit  of  sLirulator  should  with  such  aot^^od  of  solution  ensu’'^'  auto¬ 
matically  a  definite  sequence  of  succession  of  regimes  of  each  gro'up  of  ccasputing 
elements,  participating  in  the  solution.  With  this  aLm  they  use  two  signals;  one, 
obtained  from  comparison  circuit,  switching  on  relay  «  when  voltage,  representing 
variable  n,  attains  a  magnitude  of  100  v,  and  the  other  fora  the  delay  circuit. 

With  growth  of  neutron  power  T  grows  and,  consequently,  thenaal  negative  feed¬ 
back  increases  by  forch  of  which  neutron  por  starts  to  fail  axKl  as  a  result  of  an 
oscillatory  process  arrives  at  ste^waj  >Qtatc  reg'je.  Fall  of  neutron  pewer  under 
the  influence  of  input  of  thani.al  neg.»tive  feedbruk  can  in  a  nuiober  of  cases  be  so 
large  that  for  its  reproducMon  it  will  be  nocessary,  Just  as  in  build-up,  to  go 
through  the  whole  process  in  sections  H^^jre,  naturally,  with  decrease  of  power  it 
is  necessary  to  decrease  ceai*  of  representation  of  variables  n  and  C. 

Since  process  of  change  of  c  j'ioontration  of  nuclei-enltters  of  delayed  neutrons 
will  lag  behind  process  of  change  of  neutron  power,  then  with  decrease  of  pc^ver  one 
must  decoaipoee  the  solution  into  intervals,  being  oriented  on  the  process  of  change 
of  C.  For  this  pux*pose  in  ths  control  circuit  from  operational  aoplifiers  11  and 
12  there  results  a  eignal  during  change  of  sign  of  derivative  .  Derivative 

is  obtairied  by  repeated  suanation  of  all  componeiite  of  first  equation  of 

jfi 

system  Switching  on  of  relay  ^  excites  auxiliary  relay  executing  all 

necessary  ccomattation  for  transition  to  tracking  for  U  .  Tranaadssicsi  factors  of 
smpi  f'ers  8  and  9  »  Kg^  "  0,1,  atid  “  ^q2  '  ^  output  voltage 

of  amplifiers  8  and  9  not  exceed  100  v  in  process  of  tracking  C,  at  inputs  of  92 
and  82  there  are  connected  auxiliary  limiters,  preventing  input  into  these  anplifiers 
of  a  voltage  exceeding  10  v.  Simultaneously  tdth  change  of  sealee  and  K^,it  is 
necessary  to  change  on  every  interval  values  of  and  a,  ,  but  in  the  opposite 
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direction.  For  this  there  4ro  used  reversible  stepping  selectors  LUMP]  and 
Changing  direction  of  motion  after  every  switching  on  of  relay.  In  Pig.  2ii3,ae  an 
«xanjple> there  is  brought  the  oscillograa  of  the  process  of  starting  of  the  reactor, 
obtained  by  the  above  method. 


Fig.  25k»  A)  Sotup  diagram  with  appli- 
cation  of  additional  capacitr>r8;  Con¬ 
trol  of  model  with  additiorad  capacitors. 

K£T:  (a)  Control  relay  of  baoo  blocks. 

t 

When  in  process  of  starting  of  magnitudes  n  and  C  due  to  action  of  thermal 
feedback  are  not  Icr^rM  more  than  at»  o.i'de.*  or  whvA  one  xs  interested  only  In  the  | 
process  of  build-up  power,  it  is  possible  to  considerably  simplify  the  scheise  of 
automatic  solution  of  problem  b/  sections.  With  this  aliii  at  the  begin”  ing  of  every 
subsequent  stage  of  solution  for  setting  voltages  of  integrators  C  and  n,  decr.>asedf 
by  10  tlfliss,  there  is  used  connection  for  the  preparatory  period  of  additionaJ  T 

f- 

capacitors  parallel  to  capacitors  of  these  integrating  blocks*  (Fig.  ?54a).  xt  ^ 

-  I 

*blmultaneously  with  author  this  method  was  offered  by  N.  Filipchak,  V.  [ 

Filipchak,  T.  Zelinskiy  HJ. 
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is  natural  thiat  in  periodf  of  work  thesa  additional  capacitors  Bust  b«  disconnected 
and  reliably  discharged.  Since  additional  capacitors  do  not  participate  in  process 
of  solution,  they  need  not  have  a  polystyrene  or  styroflex  dielectric. 


Fig.  255.  Oscillogram  of  stirting  process  with  application  of 
circuit  with  additional  capacitors. 


Magnitude  of  capacity  of  additional  capacitor  C  a  is  by  evident  relationship 

(14.3) 

where  C  is  capacity  of  integrator,  is  voltage  at  end  of  preceding  working  inter¬ 
val,  Uh  is  voltage,  which  should  be  at  the  beginning  of  the  subsequent  working 
section. 

Control  and  setup  diagram  with  such  a  method  of  change  of  scales  is  considerably 
simplified  (See  Fig.  254a  and  b).  Oscillogram  of  starting  process,  taken  with  the 
help  of  application  of  discharging  capacitors,  is  shown  in  Fig.  255. 

3.  On  Solution  Error 

Error  in  given  interval  of  solution  is  caxised  by  the  following  main  factors: 
inaccuracy  of  setting  of  transsdssion  factors  of  separate  computer  blocks,  static 
error  of  multiplier,  error  of  linear  computing  elesMnts,  inaccuracy  of  setting  of 
initial  conditions. 

In  accuracy  of  work  of  comparison  circuits  and  scattering  in  operation  of  con¬ 
trol  relays  need  not  In  principle  affect  accuracy  of  solution.  Their  Influence 
shows  only  on  magnitude  and  niaiber  of  intervals  of  solution. 


Comparison  of  results  of  investigation  of  errors  shows  that  one  of  the  main 
components  is  caused  by  error  of  multiplier.  In  Table  XII  is  brought  comparison  of 
data,  received  from  solution  of  the  problem  of  starting  on  digital  computer  and 
on  an  electronic  analog  with  application  of  multipliers  of  various  t.ype. 


Table  XII 


tCEY;  (a)  Value  of  power  of  reactor  during  starting, 
received  by;  (b)  Power;  (c)  Digital  compvter;  (d) 
Electronic  analog  with  electronic  multiplier;  (e) 
Electronic  analog  with  electromechanical  multiplier; 
(f)  Note;  (g)  Time  from  beginning  of  starting,  sec; 
(h)  Relative  error. 


Comparison  of  data  of  table  indicates  expediency  of  application  of  multipliers 


of  increased  accuracy.  In  a  number  of  cases  good  results  can  be  achieved  with  the 
help  of  an  electromechanical  multiplier  (See,  for  example,  C.  Kom  and  7.  Kom  [3]) 
Considering  that  changes  comparatively  slowly  and  can  be  fed  to  inertial 

input  of  the  multiplier,  application  of  such  a  multiplier  will  not  put  limitation 
on  transmission  band  of  signal. 

U.  Investigation  of  Starting  Processes  with  the  Help  of 
Equations,  Preliminarily  Converted  to  Logayithmic  Representation 

of  Power. 

Expounded  method  is  based  on  the  fact  that  the  system  of  initial  differential 
equations  ilU.l)  is  solved  not  for  power  n,  but  for  magnitude  y,  the  inverse  of  the 
reactor  period; 


«  it  ' 


Hare  J  y it  =  J ^dn~\nn'  and  consaquently,  y  =  . 

Designating  for  breyity  C/n  *  x,  S/n  ■  W  we  find: 

c  s 

ix  _  rftr  I  rfs  5  I  rf<i 

</f  H  JT  H  H  it  ’  it  it  H  it  n  H  it 


(14.4) 


Dividing  the  first  two  equations  of  systea  (l4.l)  by  magnitude  n  and  considering 
dS 

we  will  write  taking  into  account  (14*1)  a  systea  of  transforaed  equations 
(l4.l)  in  the  form: 


ix  i  1  if 

XVP  k  I  _ 4 

-;^  =  -  »y.  y^- ~ 

■=  at.  —  xf.  /!=/(' 


(U.5) 


Variables  x,  y  in  this  system  change  in  significantly  narrower  limits  than  in 
the  initial  one  which  allows  us  to  investigate  the  process  of  starting  as  a  whole. 

For  solution  of  this  systsa  on  electronic  model  there  are  required  nonlinear  com¬ 
puting  elements:  two  multipliers*  and  one  functional  generator. 

If  ws  designate  by  y  not  the  derivative  of  Ins  ,  but  simply  ins  itssli; 
then  we  roae  to  a  sjotsa,  equivalent  to  the  one  brought  earlier,  with  the  eaae  setup 

diagram  (Fig.  256).  If  one  were  to  apply  electroaechanical  or  pulse-tlae  aulti- 

a 

pliers,  then  by  one  isiltiplier  there  can  be  obtained  both  sought  for  products,  having 

'^rc  general  cc- factor. 


*It  is  necessary  to  indicate  that  the  requirement  of  accuracy  of  aultiplier, 
delivering  the  product  tf  y.  may  be  not  so  high,  since  with  growth  of  power  n  magnitude 
W  becins  to  vanish  and  starting  from  a  certain  value  n  it  can  be  completely  ignored. 
Influence  of  thermal  negative  feedback  at  beginning  of  starting  process  practically 
is  inconspicuous  due  to  aaall  values  of  teaperature  ^  ,  and  thereforsi  this  coup¬ 
ling  actually  can  be  ccwmected,  only  starting  froa  a  certain  value  of  f  ,  l.s., 
after  definite  time  after  the  starting  procMS. 
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Equations  of  ▼oxtafjes  for  circuit  of  Pi^j.  256  will  be: 


(/,= 

dt 

U,  .. 

dt 

df 

U,=. 

Jtv*_ 

dt 

dt 


T  ^iJ-U  t 

{K,,U,  -r  K,jr,). 

0.0lU^  U, 

WA+ KJ/,l 
O.OlUyUt^. 


(U.6) 


Section  of  scales  v  and  (  for  functional  generator  is  executed  proceeding 
from  requirement  that  when  U2  -  100  t,  «  100  ▼, 

Relationships  for  detemination  of  scales  of  representation  of  rariables  will 
be:  y  -  -MyUj ,  n  -  -  HfU^,  --  ,  W  =  f  yJt  M^U^. 

After  substitution  in  initial  system  of  equations  of  voltage  and  coa¥>arison 
with  given  system  (14.5)  we  will  receive: 


t 


M, 

■  A|, 


t 


At, 

Alf 


'  ^eAsi^oj'^jr  **  •  7^  •  Tf^ 


if 


I-? 


m; 


- =  P-  — B — ~ 

*'r 


t 


From  these  relationships  it  follows  that  selection  of  scales  f  and  (  influenc 
value  of  transmission  factors  ma^piltude  of  scale  and  the  latter  in 

turn  affects  the  maximtmi  value  of  power,  which  can  be  represented  by  the  electronic 
model.  Limiting  steepness,  reproduceable  by  functional  generator,  to  magnitude 


i 

t 


I 


Sg  •=■  10,  we  will  take 


(/,- 


(U.7) 
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It  is  obrlous  that  wh«n  •  lOOr,  ■=  -  100  v,  and  when  U2  “  *^3  *“ 

=  (iOO/e^°)  <  0.005  V. 


Fig,  256.  Setup  diagra*  of  equation*  of  reactor, 
tranafomed  to  logarithalc  representation  of  power. 


Steepness  is 


5,  «.  ^  10  wheni;,  ^  lOO  ▼. 


Scale  of  representation  of  power  Is 

T  W  “““ 

When  eaxlaua  output-  eoltage  U3  «  100  ▼,  ■aslii  power,  which  can  be  represented 
on  ■odel,  constitute* 

— r?02€ 

It  is  necessary  to  not*  that  during  reproduction  of  dependence  (U.7)  oy 
functional  generator  with  plocewise-linear  approxlaation  irfien  permissible  error 
•  -  0.25  the  least  length  of  internal  of  decomposition  of  axis  of  srgtMnt 
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(Se«  Chapter  VI)  constitutes 


i 


1. 4 1  V 


length  of  ad.lacent  section  will  be 


- 


I  .4'> 


V. 


Realization  of  such  a  functional  generator  bj  diode  elements,  as  calculation 
showb,  requires  at  least  12  diode  elements  and  runs  into  large  difficulties  from 
comparative  proximity  of  points  of  svritching  of  diode  elements  toward  the  end  of 
the  argument  scale. 

Application  of  quadratic  approximation  on  diode  elements  with  a  carrier  (R.  A, 
Bruns  [1],  A.  A.  Maslov  and  Yu.  G.  Purlov  [1])  or  by  combining  thyrite  nonlinear 
resistances  (L.  D.  Kovach  and  W.  Conley  [2])  significantly  simplifies  the  circuit 
of  functional  generator  and  increases  accuracy  and  reliability  of  its  work. 

Indeed,  with  quadratic  approximation  with  permissible  error  (  -0.25  the 
length  of  least  interval  of  decoa^sition  of  argument  will  be 


k,  -=5 


o^S 


-  6.8  V 


(^4.8) 


Rounding  to  lower  whole  figure,  we  take  **  6  v.  Then  remaining  sections  will 
b^:  h2  ■  8  V,  h3  -  10  v,  h^  •  15  v,  h^  "  25  v. 

Thus,  the  total  ntssber  of  elements  in  case  of  quadratic  approximation  decreases 
BK>r  ‘  than  ha.lf  as  compared  with  case  of  linear  approximation.  Diagram  of  functional 
generator  with  quadratic  approximation  is  ehown  in  Fig.  257.^  Here  for  lowering  of 


*Diagram  was  developed  by  A.  A.  Maslov  anr  Tu.  G.  Purlov. 
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current  characteristics  of  separate  diode  sleMents  their  coupling  is  taken  mixed. 
First  four  diode  elements  (numeration  is  taken  in  order  of  jp^)wth  of  arpaaent)  are 
coupled  at  input,  and  two— in  a  circuit,  parallel  to  amplifier.  Ideal  current- 
corroded  t  haracteristics  of  input  circuit  and  circuit,  parallel  to  amplifier,  are 
shown  in  Fig.  258.  From  Fig.  258  it  follows  that  with  accuracj  of  0.16<  current 
characteristic  of  first  diode  element  can  be  replaced  by  a  segment  of  axis  of 
abscissas. 


Fig.  257.  Diagram  uf  functional  gener¬ 
ator  with  diode  elmumts  and  carrier. 

In  Fig.  259  is  presented  oscillogram  of  process  of  starting  with  logarithsdc 
representation  of  power  and  use  of  electroamchanical  multiplier.  Comparison  of 
this  solution  with  solution,  receired  on  digital  machine,  shows  that  maxUnai  error 
constitutes  26-30t,  including  and  error  of  reading  of  magnitudes  from  oscillcgram 
( f n:»  finite  thickness  of  lin  ,  which  theswelTea  can  reach  lOt.  It  ia  natural  t:.at 
application  of  electronic  muJ  iplier  based  on  thyrites  in  this  case  leads  to  in¬ 
crease  of  error. 

In  logarithmic  roprmssntation  of  power  to  sources  of  error,  takli^  place  in 
case  of  solution  of  problem  by  sections,  inac^nsrscy  of  work  of  ftewtional  generator 
{ antilogarithm).  Howerer,  inaccuracy  of  work  of  functional  genermtor  leads  to  in¬ 
crease  of  error  of  reaolution  only  starting  from  mnmsnt  of  tlaw,  whsn  thermal 
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negative  feedback  becomes  effective,  i.e., 
process  of  startup. 


after  first  maximum  attained  by  power  in 


Fig.  256.  Current  characterist jcs  of 
functional  generator  with  carrier. 


ng.  259.  Osrlllogram  of  process  of  starting  with 
logarithsdc  representation  of  pn»#er. 


Thus,  during  solution  on  electronic  models  of  problaas  connected  with  Investi¬ 
gation  of  processes  with  wide  range  of  change  of  variables,  it  is  expedient  to 
apply  circuit  of  lolutlcn  by  sections  with  autcastlc  transition  from  one  section 
to  the  next.  This  circuit  gives  higher  accurscy  as  compared  with  solution  durlr.g 
logsrlthadc  presentation  of  variables,  although  it  requires  certain  increase  of 
ninber  of  computing  elesMnts  snd  a  epecial  control  circuit. 

When  investigation  ir  conducted  only  on  section  of  build-up  of  variable  or 
when  lowering  of  variab  >  after  reaching  a  maxissi  does  not  exceed  two  orders, 
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modeling  should  also  be  conducted  by  sections  trith  autoaatic  change  of  scale  of 
representation  of  variables  wltn  the  help  of  circuit  with  additional  capacitors. 

This  circuit  is  marked  for  sisepllclty  of  control  syste*  and  does  not  require  increase 
of  number  of  computer  elements. 

With  use  of  logarithmic  representation  of  power  the  circuit  is  complicated  by 
necessity  to  have  an  additional  gen  irator  (reproducing  antliogarlthmic  dependence) 
and  gives  less  accuracy  of  solution  by  sections. 

Prom  what  has  been  presented,  furthermore,  it  follows  that  funci.ional  generator 
in  circuit  with  logarithsiic  representation  can  be  practically  realised  only  with 
application  of  piecewise-quadratic  approximation  and  limits  magnitude  of  variable, 
wr.ich  can  be  represented  in  electronic  model  to  five  orders. 
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APPENDIXES 


APPENDIX  I 


REPRODUCTION  OP  COMBINED  LINEAR  OPERATIONS  BT 
ONE  OPERATIONAL  AMPLIFIER 

Linear  cperations,  executed  by  operational  ansplifier  in  combination  with  sLt- 
plest  passive  electric  circuits,  already  were  considered  in  Chapter  II,  It  txims 
out  that  by  means  of  complication  of  these  passive  electric  circuits  it  is  possible 
by  one  amplifier  to  obtain  more  complicated  linear  operatiene.  With  such  use  of 
opsratJonal  Mipllfier  wo  car  reduce  quantity  of  amplifiers  necessary  for  solution 
of  problem,  and  in  certain  cases  (for  example,  during  reproduction  of  oscillatory 
sections  of  CAP)  lower  limitations,  caused  by  imperfectness  of  frequency  responses 
of  computing  blocks. 

However,  such  complication  of  passive  circuits  of  operational  amplifier  often 
leads  to  a  state  where  we  can  no  longer  clearly  divide  input  circuit  from  the  cir¬ 
cuit,  parallel  to  the  amplifier.  This  In  turn  demands  a  more  general  approach  to 
dorl\Ation  of  transfer  function  of  such  an  operational  amplifier,* 

Let  us  consider  the  moet  general  circuit  diagram  of  linear  circuits  and  amplifi¬ 
er  (Fig,  260), 

In  this  diagram  to  input  of  operational  amplifier  and  parallel  to  it  are 
switched  passive  multipole  networks  and  T^.  For  finding  transfer  function  of 


♦Such  approach  is  met  in  a  number  of  works  of  F,  H,  Raymond  [l]  and  R,  Perot* 

[1], 
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sMch  op«r«tioniLl  amplifier  we  waH  write  equation  of  currents  at  the  polea: 

/«  “  i*'..  -f  (/’)!.  +  (>',, (/**!, 

/fi  ®=  ♦ot  "i'  *Bmt  "t 

/„  « 1K„  (/»,K  r„  -f-  IK«  (P)l,  7^.  +  j  Kjo  (P)U  7. 


(IJ) 


=»  1*^.. -f  I>'|2  (^>l2  -H  (P)h  f4. 

/ft  ““ 


(1.2) 


Fig.  260,  Skeleton  diagram  for  deriving 
basic  relationships. 


In  expressions  (1.1)  and  (1.2)  the  index  after  brackets  ixKlicates  number  of 
multiterrainal  network.  Conductances  [Yjj  (P))^  and  [Yij  (P)32  are  determined  as 
ratio  of  current  Ijjl  or  ^i2  in  considered  pole  to  voltage,  standing  as  a  factor  in 
sought  for  conductance  on  the  condition  that  all  remaining  voltages,  determining 
current  of  pole,  are  equal  to  aero. 

Thus,  for  example,  |K„(P)|,  =  &!-  when  ^w«=^-=0.  ^  J'- 

*n  *mn 

when  #„  =  ^i  =  0.  Disregarding  grid  current  of  input  cascade  of  amplifier,  we  ar¬ 
rive,  as  before,  at  equations  of  operational  amplifier  in  the  form 


0.  I 


(1.3) 
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where  131  enc'.  I32  &re  deternlned  by  third  llnea  of  expreoelons  (l.l)  and  (1*2). 

On  basis  of  (1.1),  (1.2)  and  (I.3)  ^  obtain  finally  operational  equation  of 

operational  anpllfler  in  the  most  general  form: 

7  f  |K..(P)|,  _ 

(/>)!, +  (/>)!,  ■  _L  ■ 


With  Yery  great  Ky,  when  in  working  range  of  frequencies  the  following  is  correct 

|_L  4-(K»(y  a)i.  I 

I  A,  |K„(y«.)|,^|K„(y..)|, 


equation  (1.4)  is  siaplified: 

|K„(P)1, +(K„(P)|,  •* 

RelatiYe  error^  caused  by  such  siaqilifieation  (finite  value  of  Ky),  is  determined  by 
expression 

ii  ■-  »  \Y»{P)l-^\YuiP)U  (1.6) 

Ay  (K„(P)),+ |>  „(/>)), 


Let  us  consider  seTeral  partioular  cases,  flowing  from  general  relationships  (1.5) 
and  (1,6). 


Let  in  circuit  of  operatirr.»l  aaqplifler  there  be  used  only  nuLLtiteminal  net- 
work  Y]^.  Then  in  expressions  (1.5)  and  (1.6)  all  eonductanoes  with  index  "2**  after 
square  brackets  must  be  set  equal  to  sero. 

As  a  result  we  arrlYs  at  relationships: 


(1.7) 

(1.8) 


where  (k„  (P)|,  I*'  when  0,  when  0.  ~  I"  when 

'm  *mn  ■ 

*mttt  ~  *n  ~  ®- 

If  we  use  only  aultiteminal  network  T^f  then,  proceeding  as  in  preceding  case. 


we  arrive  at  expression  of  form 


7  __ 

1"  _  • 
*'•“»  ~T?7 


(l.V) 

(l.lu) 


When  in  circuit  of  operational  amplifier  we  use  instead  of  multiterminal  networks 
two  quadripoles  and  1.2$  connected  so  that  I2  directly  coupled  with  in¬ 

put,  and  li  is  not  directly  coupled  with  output  of  operational  amplifier,  we  obtain 

(1.11) 
(1.12) 

Pome  practically  important  circuits  of  operational  amplifiers,  ensuring  fulfillaent 
of  combined  linear  operations,  calculated  by  these  fonoulas,  are  shown  in  Table  XIII 
below. 

Of  great  Interest  is  circuit,  brought  in  third  column  of  XIII  on  page  h67  re- 
pi*oducing  undaflQWKl  harmonic  oscillations.  Use  of  such  a  circuit  as  pickup  of  sinusoi 
dal  oscillations  has  this  deficiency,  that  for  change  of  frequency  of  oscillations 
it  is  necessary  simultaneously  to  change  all  parameters  of  the  circuit.  Howerei^ 
here  there  is  attained  econosQr  of  computing  blocks  and  bandwidth  of  generated  sinusoi 
dal  oscillations  is  oomsiderably  expanded. 


1^1  1  J'a (/>>!, -0. 

Therefore 


7  _  _  ITiiifllL  ; 

'  *  _  _L  ('*Jk 


<»  *  'lat  »!*:« 


Tabib  XITI 


Table  XI IT  Continued 
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APPENDIX  ri 

BRIEF  TECHNICAL  CHARACTERISTICS  OF  CERTAIN  TYPES  OF 
D-C  rXECTRONIC  ANALOG  COKPUTERS 


I 

i 


I 


•“1*68“ 


Table  XIV,  General  Specif Icat lone  of  Certain  £lectronlc 
Analog  Conputere,  Developed  in  USSR 


«Uata  for  these  electronic  aodels  are  brought  in  article  of  K.  A,  Glusberg  [1], 

*^igures  are  given  for  one  baae  block,  designed  for  resolution  of  second  order 
equations. 


Fig,  261,  Electronic  an^og  cooputer  of  tjrpe  IPT-i» 
(Induatrial  model).  1  >  block  of  operational  ampli¬ 
fier,  2  -  block  of  variable  coefficient,  3  -  block 
of  coefficient,  4  -  control  panel. 

Installation  is  intended  for  solution  of  ordi- 
narjr  linear  differential  equations  up  to  the  ninth 
order  ir.cluaiveljr  with  constant  and  variable  coef¬ 
ficients.  It  is  constructed  in  the  form  of  separate 
blocks  (in  'jne  block  is  located  one  ccnputing  ele¬ 
ment),  united  by  woggle  Joints  in  accordance  with 
problem  to  be  solved.  Total  cooplaz  of  computing 
blocks  is  fed  from  the  st^biliied  rectifiers. 

The  installation  is  composed  of : 

1.  Operational  amplifiers  —  18  (9  with  plate 
load  20  kilohm,  and  9  piece  with  plate  load  10 
kiloha). 

2.  Blocks  of  constant  coefficients  (divi¬ 
ders)  —  18. 

3.  Blocks  of  variable  coefficients  —  18. 

k,  Contro]  panel. 

Op^rat  Tnal  amplifiers  are  three-cascade  with 
triode  c<»pensatian  in  first  cascade  (see  diagram 
of  Fig.  37).  Installation  allows  union  with  auto¬ 
matic  control  equipment*  There  is  autoamtlc  repe¬ 
tition  of  resoluticn  for  possibility  of  t^serva' 
tion  of  solution  of  csthode-ray  Indicator. 


-470- 


Fig.  262,  Electronic  ana^Log  computer  of  tjpe  KPT-9 
(industrial  model).  1  -  setup  field,  2  -  control 
panel,  j  -  section  of  operational  amplifiers,  4  - 
section  of  blocks  of  variabte  coefficients,  5  -  sec¬ 
tion  of  blocks  of  constant  coefficients. 

Installation  is  intended  for  solution  of  ordi¬ 
nary  linear  differential  equations  ur  to  l6-th  order 
inclusively  with  constant  and  variable  coefficients. 
It  is  constructed  in  the  form  of  separate  section- 
stands  . 

The  installation  is  composed  of: 

1.  ection  of  operational  amplifiers  —  4 

(total  operational  amplifiers  —  48;  16  integrating 

and  32  scale  —  sunning). 

2.  ^'ection  of  blocks  of  variable  cot.ficients 
•—  4  (tot»l  blocks  of  variable  coefficients  —  48). 

3.  Sections  of  blocks  of  constant  coefficients 
—  4  (total  blocks  of  constant  coefficients  [divi¬ 
ders]  —  48). 

4.  Ccvjtrol  panel, 

5.  Setting  field. 

6.  Special  crystal  oscillator  50  cps, 

7.  Power  blocks  (electrcxiic  stabilised  recti¬ 
fiers  with  ferroresonant  stab! liters)  —  4. 

8.  Power  supplies  of  Incandescence  —  2, 

‘.}peratic»\al  amplifiers  are  made  with  automatic 
stabilixation  of  zero  level  (by  circuit  of  Fin. 
Blocks  of  variable  coefficients  are  laade  of  stepping 
selectors. 

Installation  allows  combination  with  autonvatic 
corlrci  equiptsent.  There  is  automatic  repetition 
of  solution  to  ensure  possibility  of  observation 
of  sclution  on  cathode  ray  indicator. 


Fig,  263,  Electronic  analog  computer  type  LMU-1 
(industrial  model):  1  -  section  of  operational  am¬ 
plifiers  —  main,  2  -  section  of  variable  coeffi¬ 
cients,  3  -  power  units,  4  -  cathode-ray  indicator, 

5  -  panel  of  check  of  blocks  of  vartabie  coeffi¬ 
cients. 

Installation  is  ^.jitended  for  solution  of  ordi¬ 
nary  linear  differential  equations  with  coefficients 
constant  and  variable  in  time  up  to  ninth  order,  and 
also  reproduction  of  typical  nonlinear  characteris¬ 
tics.  It  is  constructed  in  the  form  of  machine  of 
structural-sectional  type  with  two  separate  stabi¬ 
lized  power  supplies. 

The  installation  is  composed  of;  18  operational 
amplifiers,  20  variable  coefficients,  18  voltage 
dividers,  68  plug-in  input  impedances,  1  setting 
field  (not  interchangeable),  12  input  resistance  box¬ 
es,  8  diode  elements. 

Operaticmal  amplifiers  are  threc-cascade  with 
tiiode  corapensaticn:?  in  first  cascade.  Gain  factor 
of  amplifier  at  zero  frequency  is  ^  •  103,  drift  3 
millivolt  aftijr  10  minute,  handwith  in  closed  state 
5OO  cps  at  level  0.99,  Amplifiers  are  located  6  to 
a  plateau. 


Fig,  264.  Electronic  a-ialog  coaputer  of  type  EMU-3 
(Academy  of  Sciences  of  USSR).  1  -  block  of  opira- 
tional  amplifier,  2  -  block  of  constant  coefficient, 

3  -  control  panel,  i*  -  block  of  adjustment,  3  -  pow¬ 
er  block. 

Installation  is  intended  for  solution  of  ordi¬ 
nary  linear  differential  equaticns  up  to  sixth  order 
inclusively  ^d-th  coefficients  constant  and  variable 
in  time.  Structural  type  in  the  form  of  a  stanu. 
Setup  is  carried  out  by  connection  of  separate  blocks 
by  flexible  cords. 

Feeding  is  carried  out  from  one  stabilised  rec¬ 
tifier. 

The  installation  is  composed  of; 

1.  Operational  amplifiers  —  12  (allowing  ex¬ 
ternal  load  of  10  ma). 

2.  Blocks  of  constartt  coefficients  —  22. 

3.  Blocks  with  capacitors  —  2  (0,01  —  1  mi¬ 
crofarad  ) . 

4.  Block  of  dividers  —  1  {0,01  —  l).  ^ 

5.  Electromechanical  variable  speed  drive  of 
coefficients  —  1  per  20  variable  coefficients  (added 
separately). 

6.  Control  panel. 

Operational  amplifiers  are  three-cascade  with 
triode  compensation  in  first  cascade  (see  circuit  of 
Fig.  37).  Installation  allows  combination  with  ante* 
matle  ccmtrol  equipment. 
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Fig.  265*  Electronic  analog  computer  of  type  MN-7 
(induatrial  laodel).  1  -  setting  ''leid,  2  -  knobs 
for  adjustment  of  aero,  3  -  functional  generator, 

4  -  multiplier  block,  5  -  control  buttons,  6  -  knobs 
for  setting  initial  conditions. 

Installation  is  intended  for  solution  of  ordi¬ 
nary  linear  and  nonlinear  differential  equations  up 
to  sixth  order  inclusively,  with  constant  coefficients. 
Installation  is  the  form  of  portable  desk  instru¬ 
ment  with  separate  power  block. 

In  MN-7  there  are  16  operational  amplifiers 
with  triode  compensaticm  (see  circuit  of  Fig,  37), 
six  of  which  can  execute  function  of  Integration. 
Resiainlng  amplifiers  are  used  as  adders  and  sign- 
inverters. 

In  lower  part  of  installation  are  four  cells, 
into  which  can  be  inserted  multiplier  blocks  or 
blocks  of  universal  diode  functional  generators. 

These  blocks  do  not  have  their  own  operational  am¬ 
plifiers.  I^tiplier  blocks  are  made  from  silicon 
diodes  and  for  work  require  three  operational  ampli¬ 
fiers.  In  functional  generator  they  use  tube  diodes. 
Functional  generator  can  be  coupled  both  to  input  of 
operational  amplifier  and  in  feedback  circuit. 

For  work  of  generator  there  are  r^uired  one  or  two 
operational  amplifiers.  Setup  is  carried  out  by 
plugs  and  short  wires  on  settixig  field,  located  on 
top  of  the  computer. 
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b«neous  t;wo  separate  problems 
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Pig.  268.  £I*ctriiile  aaaloc  coipiitcr  of  tjpo  MU-4 
(Acadomr  of  Scl«4o««  of  UE8R).  I  -  )MltlpliO(r«  2  • 
functional  fonorator,  3  -  Xinoar  po/t,  4  *  olootronie 
indicator,  5  additiamil  control  block,  6  -  pmmr 
block. 

InotallatioQ  it  iTtondod  for  ooliition  of  ordi¬ 
nary  linear  and  norlicaar  diffarontial  oquationa  up 
to  and  including  tno  aixth  order.  Of  itmetuiml  tipo^ 
in  th«  fom  of  portablo  dook  Inatru—nt.  idtb  o^arato 
power  block. 

dadel  is  oonpooed  oft 

1.  Operational  a^kUTiore  —  12. 

2.  ^tiplier  —  1. 

3.  Punetional  fonoraUK*  —  I. 

4.  Blooka  of  typical  neoliitoaritieo  — >  4. 

5.  Additional  control  block  — •  1. 

6.  Cathodc-rajr  iadioatw  ->  !• 

Operational  odpllflcrc  are  mic  et^h  aaicwilc 
eUbiliaaticB  of  acre  Inral  and  euwaia  oeipni  aao*-> 
oade  (aee  airoeit  of  Hg,  f2)»  fti  iMtanttlni  «■! 
aeparate  conpuiiAg  clanniUi  la  oeaiiiated  '^poiaid 
inaialaUoa*.  Seiep  it  aarried  oiA  hr  ktydUr  plaM 
and  ahort  woggla  joinU  on  faoo  of  aitUlit  TitMt 

ftiaui  lation  allana  oaMdnHUM  e&tli  MIM8.  MPtp* 
Mot.  Thore  is  poaali&Iitf  of  aMMinla  iUaiittfli  aif 

aolution. 


-4TT- 


Plf*  269*  Sltctronio  Milcf  e<a|Mat«r  of  tjp*  HN-XO 
(InduitrlAl  aodol). 

Znit«ilatlon  it  intondod  for  •olutlon  of  nonXlnoAr 
dlfforwitlAl  oquatlont  with  conit«Bt  eoofflcionts  up 
to  «nd  inoludinf  tlxth  ordor.  ttanbor  of  nonXliMMu*  con»- 
putln^  hlocka  (funetionAl  gonoratort  of  om  varlabX* 

«nd  aultlpliori)  dooa  not  vcsood  6«  Sotup  It  oorrltd 
out  on  apoelAl  twltohlng  fiold.  All  coaputlng  altnontt 
of  aMhino  and  touroot  of  tiabilitod  pomr  (block  BSV-IG) 
oro  aadt  of  Maloonduetoro. 

Inttollatian  it  ecaipottd  oft  2A  oporttiontl  tnrll* 
fitrt,  6  dlodt  ctllt  for  raprodoetlon  of  tTpleoi  ncn- 
llnoorititt,  k  univtrtol  funotionol  ftntrotoro  of  cnt 
aorloblt,  4  aultlplitn.  Oporotional  aaplifltrt  art 
■odt  of  Msieondueiort  by  •  tehaot  with  outamtie  ttobl" 
liiotion  of  ttro  ItroX. 
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Fi«.  270.  iillectronic  Analog  cooputer  of  type  EHU-8 
(Acadea^  of  Sclancea  of  USSR), 

Installation  is  intendod  for  solution  of  ordinary 
linear  and  nonlinear  differential  aquations.  Constructed 
in  the  fcnn  cf  separate  base  blocks »  designed  for  solu¬ 
tion  of  differential  equations  of  second  ords”.  Every 
base  block  is  supplied  with  four  operational  aaplifiers 
(see  circuit  of  Fig.  58)  not  requiring  stabilised  feed¬ 
ing,  power  supplies  and  a  certain  nuaber  of  linear  and 
nonlinear  feedback  circuits,  in  the  fora  of  plug-in 
inserts. 

In  typical  setup  of  model,  intended  for  solution 
of  linear  and  nonlinear  differential  equations  up  to 
and  including  the  10-th  order,  there  are  foreseen  fol¬ 
lowing  varieties  of  inserts:  a)  linsar  (integration, 
suessation,  chaivge  of  sign,  setting  of  scale,  reproduc¬ 
tion  of  typical  nonlinearities);  b)  nonlinear,  intmded 
to  execute  suit i pi ier-di rider  operations;  c)  nonlinear, 
intended  for  reproduction  of  nonlinear  dependences  of 
one  argument;  d)  nonlinear,  intended  for  reproduction 
of  fixed  nonlinear  dependences  of  type  sine,  cosine; 
e)  intended  to  execute  operations  of  control;  f)  lasaa- 
uring,  intended  to  execute  operations  of  aeaaureasnt 
during  adjustment.  Cathode-ray  indicator  is  mounted 
in  separate  base  block. 

Installation  allows  union  with  real  equipment. 
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Fig.  271.  Set  of  nonlinemr  blocks  NNB  (industrial 
model). 

Setup  of  nonlineer  blocks  is  intended  for  ex¬ 
pansion  of  the  circle  of  problems,  which  can  be 
solred  bj  linear  electronic  analogs  of  tjpc  rPT-5, 
MPT-9,  LWJ-1,  and  increase  of  n\aiber  of  nonlinear 
computing  elements  of  Hf-7  and  others. 

NNB  ensures  fuifiiiment  of  following  nonlinear 
opersvions:  reproduction  of  three  nonlinear  depend¬ 
ences  of  one  variable,  three  operations  of  laulti- 
pllcation  or  division.  It  is  constructed  in  the 
fora  of  three  base  blocks.  In  each  base  block  are 
two  doubled  operational  amplifiers,  made  in  a  cir¬ 
cuit  with  parallel  amplification  channels  (see  Fig. 
56),  two  plug-in  inserts  of  nonlinear  feedback  cir¬ 
cuits  and  a  power  supply.  Oafvelopnent  on  basis  of 
installation  EHU-6. 
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Fi«.  ?72  •  &L9C^i^ov\ic  cofl4pu^9]r  of  typo  £0A 

(Acaden^  of  Scloncos  of  USSR), 

InutAllation  Is  Intendod  for  solution  of  ordi¬ 
nary  linear  and  nonlinear  differential  equations  up 
to  ami  including  19-th  order.  Of  structural  type, 
constructed  in  the  for*  of  two  cabin^s. 

Installation  in  coanx>8ed  of: 

1.  Operational  aaplifiers  —  3*. 

2.  Hultipliers  —  U, 

3.  Functional  generators  of  one  rariahle  —  U. 

4.  Generator  of  harannics  —  1. 

Operational  aigilifiers  are  supplied  with  sntesi 
of  periodic  setting  of  aero  leeel  (see  Fig,  160), 
Hulti pliers  are  baaed  on  the  pulse-ttae  principle. 
Functional  generator  uses  approximation  of  gieen 
fvnction  by  8  teru  of  a  Fourier  series  (I,  S,  Bruk 
and  R,  R,  Lenoe  fl)). 

Installation  allows  coa^bination  with  control 
equipnent . 
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273 »  CcuRpl'x  of  electronic  alaulAllon  equitment 
of  type  MN-14  (induotrlail  raodel).  Intended  for  solu¬ 
tion  of  copvplicatod  dynamic  probl a®B,  described  by 
ordinary  linear  or  ncrdinaar  differential  eqxiatiujs 
up  to  and  including  30-th  order  *rlth  large  number  of 
nonlinear  dependeiices. 

Installation  Includes:  90  operati-^ial  amplifiers 
with  automatic  stabilization  of  zero  lerei,  of  which 
30  car  work  as  integrator,  30  —  as  adder,  2C  —  in 
change  of  sign  made  and  10  —  ajxiliary  to  execute 
certain  linear,  nonlinear  and  logical  operations.  To 
execute  nonlinear  operationr  there  are:  50  blocks, 

executing  operations  and 

20  blocks  of  laiireraal  functional  generators  of  one 
variable,  l,  blocks  of  typical  nonlinearities,  6  '  'ks 

for  reproduction  of  trigonosietric  f\*\ctions^  12  p»**8e- 
tlae  multipliers.  Total  nupsber  of  amplifiers  in 
Biachine  is  360.  There  is  autaaatlon  of  introduction 
and  recovery  of  data.  Setup  is  carried  out  plug¬ 
in  setting  field  provided  with  digital  voltmeter  and 
a  twD-«oordinate  table. 
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rig.  274.  Ccnplex  of  electronic  elBuIation  equipewnt 
of  tjpe  EMU-IO  (induatrlAl  laodel);  on  the  right  and 
on  the  left  —  unirers*!  stands;  in  center  —  special¬ 
ised  stand. 

Cosiplex  of  slAilation  equipasmt  £MU-10  is  intended 
for  solution  of  linear  and  nonlinear  differtmtlal 
equations  up  to  and  including  24-th  order,  and  also 
s^ution  of  certain  prohlesss  of  optisdsation  with  num¬ 
ber  of  regulated  parasietets,  not  exceeding  7.  Equip¬ 
ment  consists  of  unirersal  and  specialised  stands, 
universal  stand  contains:  4B  broad -bend  operational 
amplifiers,  assen^led  in  circuit  with  parallel  „r.pli- 
fication  chaanels  (see  Fig.  59),  of  tdiich  24  can  work 
as  integrator;  4  electronic  multipliers;  4  electronic 
universal  functional  generators;  4  combined  electro- 
mechanlcstl  functional  generators  (for  20  cct^fficlenta; 
variable  in  tlM;  4  electronechanical  mltiplier- 
divlders;  84  ten-turn  potentiometers,  of  •<hlch  b4 
are  sec  sutomstically  br  servo  sjstem  of  digital  voltr- 
meter;  plug-in  setting  field,  standard  of  tension  and 
time.  STstem  of  control  ensures  static  and  dynamic 
control  of  problai^  stop  st  s  given  moemnt,  iteration 
of  solution  for  all  or  part  of  the  computing  element  a. 

It  includes  special  block  for  automatic  change  cf  scale  of 
representation  of  vaxdable.  Specialised  stand  In¬ 
cludes  sead-chamel  rslaj  optisdser  and  4  blocks  of  var¬ 
iable  delay,  for  which  time  lag  can  continuoualy  change 
into  voltage  functions  of  the  rodel. 
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Fig«  275*  Electronic  analog  computer  *dth  auto¬ 
mated  solution  scanning  of  type  MN-11  (industrial 
model). 

InstalLaticm  MN-il  is  intended  for  automatic 
finding  of  a  solution,  satisfying  certain  pre¬ 
scribed  criteria*  Installation  includes;  9  in¬ 
tegrating  operational  amplifiers,  38  summing  oper¬ 
ational  amplj^iers,  6  multipliers,  3  blocks  of 
variable  coefficients,  4  three-docade  voltage  di¬ 
viders.  There  are  three  main  regimes:  detecting 
of  solution  by  method  ”miniml?’Ationi,"  semiauto¬ 
matic  detecting  of  solution  by  method  "survey”, 
cxxiinary  solution  of  problem  *dth  selection  manu¬ 
ally  of  required  solution. 

Structually  the  installation  consists  of  the 
electronic  model  itself,  wortdng  with  frequency 
of  repetition  of  soJ.ution  1(X)  times  per  second,  power 
section  and  control  table  for  checking  and  tuning 
plug-in  elements  suid  functional  blocks. 
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Fig.  277.  Electronic  analog  conputer  (Radio  Cor¬ 
poration  of  America)  of  tyM  "Typhoon". 

KEY:  (a)  General  form;  (b)  'Hiree-atage  plat¬ 
form;  (c)  Control  panel. 

It  la  intended  for  inreatiaation  of  pro- 
blema  of  control  of  apatial  motion  of  niaailea. 

It  conaiata  of  four  main  blocks:  block  of  roc¬ 
ket  mlaaile,  carrying  out  aolution  of  equation 
of  motion  of  miaaile  for  given  Initial  conditions 
and  currmt  values  of  forces  and  momenta;  aero- 
dynamica  unit,  executing,  according  to  given 
data  of  wind  tunnel  test  and  cuxT«mt  values  of 
coordinates  and  speed  of  object,  calculation  of 
forces  and  moments;  target  block,  giving  coordi¬ 
nates  and  speed  of  target;  guidance  unit,  pro¬ 
ducing  control  signals  and  atabiliaation  by  data 
on  motion  of  target  and  missile. 
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Composition  of  computing  elements  of  Installation  can  be 
characterized  the  following  table; 


Designation  of 
blocks  of  model 


Block  of  aerodynandcs 

Guidance  unit 

Block  of  rocket  missile 


Target  block 


Recording  devices 


In  all 


Number  of  computing 

elements 

Stabilized 

operational 

Servo 

systems 

amplifiers 

135 

6 

148 

11 

135 

9 

2 

18 

— 

445 

19 

Note 


There  are  36  multipliers 
of  increased  accuracy. 
From  total  of  UU5  oper¬ 
ational  amplifiers,  80 
are  intendeo  for  work 
as  integrator.  All 
equipnent  is  mounted  on 
43  panels 

Total  number  of  tubes 
4000 

Total  power  consumption 
from  network  46  kilo- 
watvs 


Residts  of  nolutJion  are  fixed  on  two  recording  tables.  For  visual 
observation  ther«  is  a  three^stage  platform  with  model  of  missile,  re¬ 
producing  Hwtion  about  center  of  gravity.  Trajectory  of  motion  of  cen¬ 
ter  of  gravity  oi  rocket  missile  and  the  target  can  be  observed  on 
special  table  with  luminescent  balls.  Possibility  of  conjunction  with 
real  equipnent  of  stabilisation  and  control  is  not  foreseen. 
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Fig.  electronic  analog  computer  of  "Beckman 

Instruments,  Inc."  type  eJiSE-liOO  (the  United 
States). 

It  is  Intended  for  solution  of  linear  and 
nonlinear  differential  equations;  it  consists  of 
60  operational  amplifiers  with  autcnatic  stablli* 
zation  of  zero  level  (made  by  Goldberg's  diagram). 
To  execute  nonlinear  operations  there  are  8  elec¬ 
tronic  pulse-time  multipliers  with  two  frequencies 
of  saw-toothed  voltage  for  work  with  narrow  and 
broad  band  width,  10  electronechanical  multiplier^ 
made  with  servo  systems,  electronic  diode  func¬ 
tional  generators  (20)  allow  us  to  carry  out  ap¬ 
proximation  in  20  sections.  With  the  help  of  ad¬ 
ditional  block  there  is  foreseen  possibility  of 
automatic  adjustment  of  these  generators  for  re¬ 
production  of  given  nonlinear  dependence.  Fur¬ 
thermore,  in  installation  are  mounted  6  devices 
for  transfoimiation  of  coordinates,  8  sine-cosine 
generators,  10  pairs  of  diode  elements,  Getur 
18  carried  out  on  plug-in  setting  field  with 
3600  holes,  by  shielded  connecting  wires.  With 
machine  there  can  be  uned  system  of  sutoinatic  set¬ 
ting  of  potentiometers  from  punched  tape  and 
electric  typewriter.  3y  this  it  is  possible  to 
give  signal  for  measuretaent  of  output  of  any 
computing  element  of  the  installation. 

Passive  circuits  of  operational  amplifier 
are  located  in  special  housing,  inside  which  a 
constant  temperature  is  maintained. 
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Fig,  279.  Electronic  enelo^  coKnuter  of 
'’Goodyear  Avicraft  Corporation'’  type  GEDA. 

InetAllation  is  intended  for  eoluticn 
of  linear  and  nonlinear  differential  eqja- 
tions.  Installation  ineliides:  108  opera¬ 
tional  anplifiers  with  centralieV^  systes 
of  coBpensation  of  drift  of  soro  level, 

6  electronic  diode  functional  generators, 
apprcudoating  given  nonllfsear  doperidence 
in  10  sections,  6  electronic  pulse-time 
aultipliers. 

For  setup  there  serve  two  plug-in  set¬ 
ting  fields.  There  is  s  digital  'olUwter, 
.dvich  in  cQsribinatioo  with  accurate  bridge 
is  uaed  for  setting  potent. l>j(eieters  and  auto- 
■atic  printing  of  results.  Servo  systeas 
are  used  for  automtic  setting  of  po- 
tentioaeters  and  functional  generators.  In 
installation  is  a  systea,  allowing  us  auto- 
■atieally  to  control  and  read  output  voltage 
froa  any  cosiputlng  elcoeot. 
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2S0«  electronic  cinaiog  computer  of 
Reeve*  Instnaent*  Corporation  of  type 
REAC-301. 


in»tcdl*tion  is  intendod  for  solution 
of  ordinary  linear  differential  equations 
up  to  sikI  irwluding  sixth  order.  It  con¬ 
sists  of  12  operstiaial  sapilfiers  with 
sutonstic  stAbilisAtlon  of  tero  levul^  18 
sccurste  potentiosMters,  etsbillsed  poifer 
supplies  and  s  26-voIt  supply  for  relays. 
Setup  is  carried  out  m  plug-tn  settings 
field. 


tion.  ®^®®  infitruments  Corpora- 

‘doubled 

former,  of  coominTus 

ting  field.  ®  plug-in  set- 
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Fig*  282,  Electronic  aivalog  ccKnputer  of 
Control  Speci&lists,  Inc« 

InstAllation  is  intended  for  solution 
of  oi*clin&jry  lino&r  differential  scjustiwis 
up  to  and  including  sojcth  order •  It  con¬ 
sists  of  12  d-c  operational  amplifiers  with 
gain  factor  near  3*10^  (six  of  them  can 
work  as  an  integrator). 


Fig,  283.  Hllectronic  analog  computer  of 
Conner  Scientific  Company. 

Installation  consists  of  10  opera¬ 
tional  amplifiers,  each  f  which  Is  made 
with  one  pentode.  Setup  is  carried  out  on 
a  separate  setting  field. 
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Fig,  285.  Model  assembly  of  stands  of  non¬ 
linear  analog  vith  12  operational  amplifiera. 
SEA  (Prance), 


Fig.  286.  Slnulator  of  incireased  accuracy 
of  typo  0?iB-P-2  of  SEA  (Franco), 
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Fig,  287.  Electronic  analog  coa^juter,  with  it»*ration 
of  solution,  of  Tokyo  ShibauraXctric  Co. 

Installation  consists  of  12  operational  amplifier®, 
intended  for  work  as  integrator,  adder,  and  also  for 
fulfillment  of  other  linear  operations;  and  6  ampli¬ 
fiers,  utilised  for  nultiplication  by  constant  coeffi¬ 
cient  and  inrersion.  To  execute  nonlinear  operations 
there  is  foreseen  a  multiplier,  two  functional  genera¬ 
tors  and  a  certain  number  of  elements  for  reproduction 
of  type  nonlinear  characteristics.  Liralto  of  linearity 
of  output  voltage  +  50  v.  Control  voltage  is  fed  s'rcu 
separate  generator  of  cyclic  pulses.  For  observation 
of  solution  there  is  used  a  built-in  cathode  oscillo¬ 
graph. 
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Fig.  290.  Small  electronic  4nal<^  coi^>uter 
of  type  MEDA  (Csechoelorakia). 

It  18  intended  for  solution  of  linear 
and  nonlinear  dlff&rential  oquationi*.  It 
contains  20  operational  aaplifiere  with 
automatic  stabilization  of  zero  lerel. 
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Fl£.  292.  Elactranic  analof  coM^uter  of 
V£B  ArchiJiwdea  Rachonimschlnanfabrlk  of 
tjpe  EAR^6k  (Geimn  Deaocratic  Rapuhllc). 

UhlTorMl  instalXstlou  for  Mlution 
of  llnaar  and  nonUnoar  diffarontlal  •qua* 
tlona.  It  oonalata  of  64  of>ei«tloml  aa* 
pliflara  with  autoMtlc  •tabiliMtion  of 
taro  laral,  of  Mhlch  32  can  work  ta  inta> 
grttor  and  tutaar.  To  axacuta  naalinaar 
oparatlcna  thara  can  ba  uaad  16  naalinaar 
coaputlng  alamnta  (elactroolc  laultlpllara 
and  uni.Taraal  functional  ganaratora).  Mon~ 
linaar  eoaputing  elaaenta  ara  conatroctad 
on  baaia  of  placawiaa-Unaar  approxlmtion 
on  dioda  alaMnia.  Thara  ia  a  aattlng 
fiaXd  of  100  aceurata  potantionatara  for 
aatting  coaffieianta,  4  aapliflara  with  ra> 
Lay  output. 
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